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SUMMARY 

Previously, our laboratory examined differential gene expression in bone from normal and osteopetrotic (op) rats 
and isolated a novel complementary DNA (cDNA), termed osteoactivin (OA), that was overexpressed in op when 
compared to normal bone. Subsequent in situ hybridization and immunohistoc hemic al localization demonstrated 
that OA messenger RNA (mRNA) and protein are expressed by osteoblasts. In primary osteoblast cultures, OA 
mRNA levels exhibited a temporal pattern of expression at highest levels during the later stages of matrix 
maturation and matrix mineralization. In this study, we attempted to block OA expression using OA antisense 
oligonucleotides. Blockage of OA expression in primary osteoblast cultures markedly decreased osteoblast 
differentiation markers, including alkaline phosphatase (ALP) activity, osteocalcin production, nodule formation, 
and calcium deposition. Conversely, the cytomegalovirus (CMV)-OA construct was generated and used to 
examine the effect of OA overexpression on MC3T3-E1 osteoblast differentiation. OA transient overexpression 
markedly increased osteoblast differentiation markers, including ALP activity, osteocalcin production, nodule 
formation and calcium deposition, compared to cultures transfected with an empty vector. OA overexpression 
also markedly induced expression of core binding factor 1 (Cbfal), a master osteoblast transcription factor. 
Collectively, OA gain of expression or loss of expression in osteoblast cultures significantly induced and inhibited 
osteoblast differentiation respectively. These data suggested that OA plays a major role in the regulation of 
osteoblast differentiation. 



INTRODUCTION 

The initial identification of OA emerged from studies using an animal model of osteopetrosis, the op 
mutation in rats. This model was used to examine differential gene expression in bone from normal and op 
mutant rats that have a severe skeletal phenotype resulting from abnormalities associated with skeletal 
development. 1 A novel cDNA that is highly up-regulated in op compared to normal bone was identified using the 
technique of mRNA differential display. 2 Subsequent cloning and sequencing of the full-length cDNA revealed a 
sequence with homology to the previously reported human nmb, 3 murine nmb, 4 melanocyte specific protein (Pmel 
17), 5 and DC-HIL (dendritic cell heparan sulfate proteoglycan integrin-dependent ligand). 6 No previous studies 
were done to examine the functional role of one of these genes in osteoblast development. 

OA patterns of expression in vitro and in vivo suggested that OA might play an important role in 
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osteoblast development. 2 Tissue distribution of OA expression measured by RT-PCR analysis showed that OA is 
expressed at the highest level in bone and primary osteoblast cultures, with much lower levels of expression in 
other tissues such as brain, heart, and skeletal muscle. 2 In situ hybridization findings demonstrated intense 
staining of OA mRNA in osteoblasts lining bone surfaces in vivo. 2 Microarray analysis showed that OA 
expression increased in the fracture repair model, with time following fracture reaching a maximum at 2 weeks 
postfracture. 7 These findings showed that OA is expressed by osteoblasts, and its level of expression is highest at 
the sites of active osteogensis. OA temporal expression in osteoblast culture was examined, and the level of OA 
expression in primary osteoblast culture increased progressively as the cells differentiate with maximum 
expression during the final stage of matrix mineralization. 2 OA expression was also correlated with the 
expression of osteoblast-related genes, such as alkaline phosphates and osteocalcin in primary cell cultures. 2 
Given these observations, we sought to assess whether OA plays a functional role in osteoblast development and 
function. Osteoblasts are the cells that are lining bone surfaces and responsible for bone matrix production. 
Osteoblasts originate from mesenchymal cells that have the ability to proliferate and differentiate into 
preosteoblasts and then into mature osteoblasts. Appropriate signals (eg, hormones, cytokines, and growth 
factors) are needed for the process of osteoblast differentiation. 8 The stages of osteoblast development and 
differentiation in the culture system have been well characterized. Primary osteoblast cultures undergo 3 distinct 
stages beginning with cell proliferation (day 0-7), followed by a period of matrix maturation (day 7-14), and 
ending with a stage of matrix mineralization (day 14-2 1). 9 The proliferation stage is associated with high levels of 
expression of histone 4, transforming growth factor-beta (TGF-p), collagen type I and fibronectin, followed by the 
stage of matrix maturation which is associated with high levels of expression of ALP. The last stage is the stage 
of matrix mineralization that is associated with maximum expression of osteocalcin (OC), osteopontin, and bone 
sialoprotein . ,0 Temporal expression of osteoblast-related genes during different stages provide markers reflective 
of various stages of osteoblast differentiation and maturation in vitro. 10 

Our findings indicate a critical role for OA in osteoblast development with up and down regulation of 
osteoblast differentiation markers associated with up and down regulation of OA expression in vitro. These data 
suggest that OA plays a physiologically relevant role in bone development. 

MATERIALS AND METHODS 
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Osteoblast Cultures 

For primary osteoblast culture, calveria were harvested from neonatal rats (1-3 day old) and cleaned free of 
periosteum and endocranial dura in Ca^/Mg^ free phosphate buffered saline (PBS) containing 200 units/ml 
penicillin and 200 u.g streptomycin on ice. Each calverium was cut along the suture lines (sagital and coronal) 
and the pieces were transferred to siliconized Ehrlenmeyer flasks (Sigma, MO) and digested with 
trypsin/collagenase solution (0.25% trypsin and 0.1% collagenase P) in PBS. This enzymatic digest were repeated 
three times. Cells from the first digest were discarded and cells from the second and third digests were pooled, 
washed twice in MEM (Hank's) containing 10% fetal bovine serum (FBS), and resuspended in MEM (Earle's) 
containing 10% FBS. The cells were filtered through a 200 urn mesh metal screen filter (Fisher Scientific- 
Millipore filter and screen), counted, and plated at an appropriate concentration (i.e. 5 x 10 5 cells/100 mm plate) in 
MEM (Earl's) containing 10% FBS. On the third day of culture, the initial plating medium were replaced with 
MEM containing 10% FBS and ascorbic acid (25 u.g/ml). On the seventh day of culture and every 2-3 days 
thereafter, the medium were replaced with MEM (Earle's) containing 10% FBS, ascorbic acid and p- 
glycerophosphate (10 uM). The mouse osteoblast cell line MC3T3-E1 (MC) was obtained from ATCC (ATCC 
Inc., VA) and routinely maintained in growth medium consisting of ccMEM (Invitrogen, CA) containing 10% fetal 
bovine serum (Invitrogen), 100 units/ml penicillin, 100 jig/ml streptomycin , 25 u.g/ml ascorbic acid and 10 uM p- 
glycerophosphate (Sigma) and medium were changed every 3-4 days. 

Oligonucleotides Transfection 

Primary osteoblasts were cultured as described above, when cells reached sub-confluent (50-60%), they were 
transfected with 0.5 (xM of OA anti-sense or sense using oligofectamine (Invitrogen) according to the 
manufacturer's protocol. Oligonucleotides were synthesized of 20 base phosphorothioate-modified 
oligonucleotides (Sigma). The sequence of OA antisense oligos was (5'-CCCTAGTCCCATCCACCAGG-3') 
and the sequence of sense oligos was (5'- GGGCGTCTCTGAAAGGTAACG-3'). The sequence of OA antisense 
oligos was rigorously analyzed by Blast search and no homologies were found. Preliminary experiments were 
conducted to determine effective oligonucleotides concentration that was not toxic to the cells. Transfection 
efficiency was determined using green fluorescent (FITC) labeled oligos (Sigma). Primary osteoblast cultures 
were transfected with FITC oligos as described above then transfection efficiency was evaluated by counting 
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FITC-labeled cells versus total number of cells. Percentage of FITC labeled to total number of cells was 
calculated and 25% transfection efficiency was reproducibly achieved. 

CMV-OA Transfection 

Rat cDNA OA protein coding region was generated by RT-PCR using the following primers 5'P04- 
ATGG AAAGTCTCTGCGGGGTCC-3 ' (designed at the initiating methionine ATG start codon) and 5'- 
C ATACATGC AC AG AAG AGTGGGTTCC-3 * (designed at the 3' untranslated region of the rat OA with 20 bp 
past the termination codon TAA). The generated PCR product (1767) was cloned into the pCR3.1 TOPO vector 
which has cytomegalovirus (CMV) promoter (Invetrogen, CA) and LA Taq kit (Pan Vera, WI) was used to 
minimize potential PCR generated errors. MC3T3-E1 cells were cultured and when reached sub-confluent (50- 
60%), liiey were transfected with either CMV-OA (OA cDNA under CMV promoter), CMV- Empty Victor (E.V) 
or CMV- green fluorescent protein (GFP) constructs at a dose of 10 \ig DNA/100-mm dish overnight using 
lipofectamine (Invetrogen) according to the manufacturer's protocol. Transfection efficiency was determined 
using the CMV- green fluorescent protein (GFP) construct. Briefly, MC3T3-E1 osteoblast like cells was 
transfected with CMV-GFP construct (10 ug DNA/lOOmm dish) then transfection efficiency was determined by 
calculating the percent of cells expressing GFP versus total number of cells using fluorescent microscopy. We 
routinely achieved about 30% transfection efficiency. 

RNA Isolation 

Cell layers were harvested and frozen in liquid nitrogen and stored at -80C. Cells were homogenized in Trizol, 
separated into aqueous and organic layer by chloroform, RNA remained in the aqueous layer was recovered by 
isopropyl alcohol precipitation. Pellets were washed again with 70% ethanol to clear RNA from DNA 
contamination. 

RT-PCR Analysis 

Two u,g total RNA isolated from cell cultures were reverse transcribed to cDNA at 42°C for 50 minutes in a 
volume of 20 \il containing the following components: IX first strand buffer (5X= 250 mM Tris, pH 83, 375 mM 
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KC1 and 15 mM MgCl 2 ), 0.5 mM dNTP mix, 10 mM dithiothreitol (DTT), 0.5 \ig oligo (dT) (12 -18 nucleotide) 
and 20 U Superscript O (RNase H-free reverse transcriptase) (Invitrogen). The reaction was then terminated at 
70°C for 15 minutes, and 1 U RNase H (Invitrogen) was added to the reaction mixture, followed by incubation at 
37°C for 10 minutes to remove the RNA. One ul aliquots of the generated cDNA was amplified in 50 of PCR 
reaction mixture containing 1 nM primer sets, 10 \i\ 10X Advantage buffer (Invitrogen), 10 nM dNTP mix, 1 yd 
DMSO and 1 ill Advantage polymerase mix (Clonetech, CA). The primers for osteoactivin are (sense: 5'- 
CCAGAAGAATGACCGGAACTCG-3' and anti-sense: 5 '-C AGGCTTCCGTGGTAGTGG-3 '). These primers 
were designed from the 5' end of the protein-coding region starting at a position 729 bp from the ATG start codon 
to position 1280. The primers for 18S are (sense: S'-ACTTTCGATGGTAGTCGCCGTGC-S' and anti-sense: 5- 
ATCTGATCGTCTTCGAACCTCCGA-3'). The primers for osteocalcin are (sense: 5'- 

TCTGAC AAACCTTC AGTCC-3 ' and antisense: 5 * AAATAGTGATACCGTAGATGCG-3 '). The primers for 
G3PDH are (sense: 5'- ACCACAGTCCATGCCATCAC-3' and anti-sense: 5'- TCCACCACCCTGTTG 
CTGTA-3'). The primers for Cbfal are (sense: 5'- TCTGAC AAACCTCATGTCC-3 ' and antisense: 
5 ' AAATAGTG ATACCGTAG ATGCG-3 ' ). PCR were performed using Perkin-Elmer GeneAmp PCR System 
9600 (Perkin-Elmer, CT). PCR parameters for osteoactivin are: denaturation step at 94°C for 3 minutes, followed 
by 25 cycles of 94°C for 20 seconds, 62°C for 20 seconds and 68°C for 20 seconds; with final extension step at 
68°C for 7 minutes. The expected osteoactivin PCR product is 552 bp. PCR parameters for 18S were: 
denaturation step at 94°C for 3 minutes, followed by 30 cycles of 94°C for 30 seconds, 65°C for 30 seconds and 
68°C for 30 seconds; with final extension step at 72°C for 7 minutes. The expected 18S PCR product is 700bp. 
PCR parameters for osteocalcin are: denaturation step at 95°C for 3 minutes, followed by 30 cycles of 95°C for 60 
seconds, 55 °C for 2 minutes and 72 °C for 1 minute; with final extension step at 72 °C for 7 minutes. The 
expected osteocalcin PCR product is 198 bp. PCR parameters for G3PDH are: denaturation step at 94°C for 3 
minutes, followed by 35 cycles of 94°C for 45 seconds, 60 °C for 2 minutes and 72 °C for 2 minute; with final 
extension step at 72 °C for 7 minutes. The expected G3PDH PCR product is 452 bp. PCR parameters for Cbfal 
are: denaturation step at 94°C for 3 minutes, followed by 35 cycles of 94°C for 2 minutes, 60 °C for 30 second and 
72 °C for 1 minute with final extension step at 72 °C for 10 minutes. The expected Cbfal PCR product is 632 bp. 
PCR products were analyzed by \% agarose gel electrophoresis stained with ethidium bromide. A 100-bp ladder 
was used as a molecular weight marker (Invitrogen). 
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Antibody Preparation 

Anti-OA antibody was raised against peptide that represents the sequence between amino acids 551-568. This 
peptide was selected because of its potential antigenicity and screened against the protein database to assure lack 
of homology with any known sequences. Chickens were immunized and the precipitated crude IgY was purified 
by affinity chromatography on Sepharose 4B derivatiesed with the antigen (immunizing peptide) (Zeneca, UK). 

Western Blot Analysis and Protein Isolation 

Protein samples isolated from cell cultures were mixed with equal volumes of 2X SDS sample buffer, boiled for 5 
minutes, centrifuged for 5 minutes and subjected to 10% SDS -PAGE gel. Membrane was blocked with 5% milk, 

1% BSA in Tris-buffered saline (TBS) and 0.1% Tween-20 (TTBS) for 2 hours and incubated with anti-chicken 
OA primary antibody (lug/ml) overnight at 4°C. The blot was washed three times in TTBS each time for 15 
minutes then incubated with HRP-conjugated donkey anti-chicken IgY secondary antibody (0.2 (ig/ml) for two 
hours at room temperature. Signal was detected by ECL (Pierce, IL). For Protein isolation, cultured osteoblasts 
plates were rinsed three times with ice cold PBS. Cell layers were then harvested into protein extraction buffer 
(RIPA buffer), consisting of 50 mM Tris-HCl; pH 7.5; 135 mM NaCl; 1% Triton X-100, 0.1% sodium 
deoxycholate; 2 mM EDTA; 50 mM NaF; 2 mM sodium ortho vanadate; 10 u,g/ml aprotinin; 10 |!g/ml leupeptin; 
1 mM PMSF. Osteoblast cell pellets were homogenized in RIPA buffer then homogenates were incubated for 60 
minutes at 4 °C, centrifuged and supernatant were collected and stored at -80C. Total protein concentration was 
measured using a bicinchoninic acid (BCA) protein assay (Pierce, IL). 

MTT and Cell Counting assays 

At day 5 of the culture (primary or MC3T3-E1 osteoblasts), cells were incubated with 100 ul/well MTT substrate 
(3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltertrazolium bromide) (Sigma Chemicals) for 4 hours at 37 °C. Cells 
were then washed with PBS then 500 nl/well of solublizer (20% (W/V) SDS in 50% DMF) was added and 
samples were read at 570 nm using ELISA plate reader. For cell counting assay, cells were trypsinized then they 
were counted by haemocytometer. 
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Alkaline Phosphatase Activity Measurement 

At day 14 of the culture (primary or MC3T3-E1 osteoblasts), cell layer was washed with PBS and extracted in 
150 mMTris pH 9.0/0. ImM ZnCl 2 /0.1 mM MgCl 2 (TZM buffer) with 1% Triton X-100 for 30 minutes at 37 °C. 
Cell layer were scraped, vortexed and an aliquot mixed with p-nitrophenol (Sigma P104) substrate in lOx TZM 
buffer (Sigma). Alkaline phosphatase activity results (substrate release nmol/minute) were normalized to the total 
protein content. Total protein content was determined from matched cultures using BCA Peirce protein assay kit. 

Alkaline Phosphatase Histochemistry 

At day 14 of primary osteoblast culture, cells were rinsed once with PBS and fixed in 4% Para formaldehyde for 
10 minutes, rinsed with dH 2 G. Fresh substrate of 1ml Naphthol AS MX-BI, 1ml FRV and 1 ml sodium nitrite 
(Sigma) were mixed together and dissolved in 45 ml distilled water according to manufacturer's protocol. 
Substrate was then added onto the dishes and incubated for 45 minute at room temperature (RT). The dishes were 
rinsed in tab water, drained and air dried. Pictures were taken from randomly selected fields using Nikon inverted 
microscope. 

Osteocalcin Measurement 

At day 2 1 of the culture, osteocalcin concentration in serum free conditioned media was measured using 
commercially purchased sandwich ELISA kit (Biomedical Technologies Inc., MA). Briefly, a series of standards 
prepared from rat whole serum were used to generate standard curve (0.78 ng/ml - 50 ng/ml). Conditioned media 
and standards were incubated in ELISA plates, washed in PBS and incubated with anti-rat osteocalcin at 37 °C for 
1 hour. Wells were washed and incubated with peroxidase-conjugated secondary antibody for 1 hour at RT. 
Tetramethyl benzidine (TMB) substrate was added to the wells and samples were incubated for 30 minutes in the 
dark in RT. Absorbance was read at 450nm using ELISA plate reader (Perkin Elmer Wallac, CT) within 15 
minutes. Osteocalcin concentration values (ng/ml) were normalized to the total protein content. Total protein 
content was determined from matched cultures using BCA Peirce protein assay kit. 

Calcium Measurement 
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At day 21 of the culture, cell layers were rinsed with cold PBS then hydrolyzed in 400 nl 0.5 N HC1. Aliquots 
were mixed with calcium binding reagent (o-cresolphthalein complexone and 8-hydroxyquinoline) in 250 nM 2- 
Amino-2-Methyl-l, 3 Propanediol buffer (Sigma Chemicals) and read at 575 nm using Beckman 
spectrophotometer. Concentration of calcium ions were calculated from comparison to a standard of known 
optical density (OD) using this equation: (A 575 sample/ A 575 standard) x (concentration of standard) and data were 
expressed as |xg calcium/well. 

Histochemical Staining of Mineralized Nodules. 

At day 21 of the culture, cell layers were washed in Hank's balanced salt solution, fixed with 4% Para 
formaldehyde for 10 minutes at RT, stained with 3% silver nitrate solution for 1 hour under high intensity light at 
RT. Cell layers were then washed with dH 2 0, fixed with 5% sodium thiosulfate for 2 minutes at RT, washed 
with dH 2 0 and allowed to air dry. For Alizarin red, cell layers were rinsed with PBS and fixed for 15 minutes at 
4°C with 2% paraformaldehyde in PBS. Fixed cultures were rinsed with dH 2 0, and stained by incubation with 
lmg/ml AR-S (SIGMA) for 20 minutes. Cell layers were then washed five times with dH 2 0 followed by a 15 
minutes rinse with PBS with gentle rotation to reduce nonspecific AR-S stain. Pictures were taken from different 
fields using Nikon inverted microscope. 

Image Analysis 

Pictures were taken using Nikon inverted microscope from different fields. Images for mineralized nodules 
stained with alizarin red were analyzed using ImageJ software (NIH, DC). The average size for mineralized 
nodules in control cultures was 800 pixels which is equivalent to 1.6xl0" 3 mm 2 . Images for mineralized nodules 
stained with von Kossa were analyzed using BIO Q UANT software (Bioquant Image Analysis Inc, TN). The 
average size for mineralized nodules in control cultures was 1000 pixels which is equivalent to 2xl0" 3 mm 2 . 

Data Presentation and Analysis 

Data were presented as a percent of control where control is cells not transfected. The average absorbance of 
MTT assay in control samples was 0.75 OD at 575 nm in primary osteoblast cultures and 1.05 in MC3T3-E1 
osteoblast cultures. The average cell number/well in 12 well plates was 0.9x1 0 5 in primary osteoblast culture and 
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1.35xl0 5 in MC3T3-E1 osteoblast culture. The average value for alkaline phosphatase activity in control samples 
was 1 lOnM substance release/min in primary osteoblast culture and 145nM substance release/min in MC3T3-E1 
osteoblast culture. The average value for calcium content/ well in 12 well plates in the control samples was 60 
u,g/well in primary osteoblast culture and 95 ug/well in MC3T3-E1 osteoblast cultures. The average value for 
osteocalcin concentration in control samples was 5ng/mg protein /ml in primary osteoblast culture and 8.5 ng/mg 
protein/ml in MC3T3-E1 osteoblast cultures. For all quantitative data, differences between individual groups 
were analyzed for statistical significance using the appropriate test. For two group comparison, statistical analysis 
of the data was achieved by unpaired two-tailed student t test. For multiple group comparison, analysis of 
variance (ANOVA) was used to evaluate the effect of one variable on multiple independent groups. In the event 
of a significant group effect, individual pairs of means were compared using Bonferroni post-hoc test. Any P 
value > 0.05 was considered statistically significant. 

RESULTS 

OA antisense Oligonucleotides Block OA Expression in Primary Osteoblast Culture. 

Given that OA is expressed throughout the primary osteoblast culture period, gradually increasing to 
reach a maximum expression level at the end of the culture period, 2 we next asked whether OA is a critical factor 
in osteoblast proliferation and/or differentiation, using an antisense oligonucleotides approach. Antisense 
technology was developed to inhibit gene expression by utilizing oligonucleotides complementary to the mRNA, 
which encodes the target gene. This approach constitutes a very efficient and specific means to artificially 
regulate gene expression. 11 Seven different OA antisense oligonucleotides (OA- AS oligos) were designed, and 
the sequence of each was vigorously analyzed by Blast search to assure lack of homology with any other known 
genes. We first screened these 7 OA-AS oligos for their ability to block OA expression in cultures of RAT-2 
fibroblast cells, since these cells constituvely express high levels of OA. These cells are derived from a 5-bromo- 
2'-deoxyuridine resistant strain of Fisher rat fibroblast 3T3-cell line. 12 OA expression was determined by RT-PCR 
analysis (Figure 1 - A). Densitometry analysis showed that 5 of the OA-AS oligos (1, 3, 4, 5 and 7) down- 
regulated OA expression, ranging from 68% to 99% when compared to mock (scrambled) oligonucleotides or 
transfection reagent treated control cultures (Figure 1 -B). Next, effect of OA-AS oligos treatment on OA 
expression in primary osteoblast cultures was examined. Transfection efficiency was evaluated using FITC- 
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conjugated oligonucleotides and 25% transfection efficiency was reproducibly obtained (data not shown). 
Preliminary studies were carried out to determine the effective oligonucleotide concentration that was not toxic to 
primary osteoblast cells (data not shown). Primary osteoblast cultures were transfected with 0.5 uM of OA- AS 
oligo-1 or sense oligonucleotides then OA mRNA and protein expression were examined by RT-PCR and 
Western Blot analyses respectively. OA- AS oligos markedly reduced OA expression and protein production 
(Figure 1 - C, D, E and F). 

Inhibition of OA Expression Has No Effect on Osteoblast Proliferation or Viability. 

Since OA is expressed throughout the culture period, 2 we examined the effect of OA-AS oligos on 
osteoblast development at the first (proliferation period), second (matrix maturation), and third week (matrix 
mineralization) in culture. Primary osteoblast cultures were either not transfected or transfected with 0.5 \iM of 
sense or OA-AS oligos. At day 5 of culture, MTT assay (Figure 2 - A) and cell number counting (Figure 2 - B) 
were performed. MTT assay is routinely used to examine the effect of different factors on mammalian cells 
viability, cell number and proliferation. 13 OA antisense had no significant effect on osteoblast viability or 
proliferation (Figure 2). These results suggest that OA had a minimal role during the proliferation phase of 
primary osteoblast cultures. 

Inhibition of OA Expression Blocks Primary Osteoblast Differentiation. 

We further examined the effect of OA-AS oligos on primary osteoblast cultures during differentiation 
phases: matrix formation phase (day 7-14) and matrix mineralization phase (day 14-21). It has been established 
that osteoblast differentiation could be evaluated by different conventional markers, such as ALP, 14 osteocalcin 
expression, 15 calcium deposition, and nodule formation . I6 We examined the effect of OA-AS oligos on ALP 
activity (a marker for the matrix maturation stage; Figure 3 - A) and production (Figure 3 - B and C) at day 14. 
We also examined the effect of OA-AS oligos on osteoblast differentiation markers during the mineralization 
stage, including nodule formation (Figure 4 - A and B), nodule size (Figure 4 - C) calcium deposition (Figure 4 - 
D), and osteocalcin production at day 21 (Figure 4 - E). OA-AS oligos significantly inhibited ALP activity and 
production at day 14 (Figure 3), nodule formation (Figure 4 - A, B and C), calcium deposition (Figure 4 - D), and 
osteocalcin production at day 21 (Figure 4 - E). These data suggest that loss of OA expression significantly 



11 



Osteoactivin in osteoblasts 



inhibited osteoblast differentiation independent of cell proliferation. 

OA Over-expression Induces MC3T3-E1 Osteoblast Differentiation in Culture 

To further address the putative functional role of OA in osteoblast differentiation suggested by antisense 
oligonucleotides transfection, we next questioned whether osteoblast differentiation is altered when OA is over- 
expressed in MC3T3-E1 osteoblast cells. OA over-expression was achieved by transient transfection of MC3T3- 
El osteoblast cultures with a CMV-OA construct. MC3T3-E1 osteoblast like cells were used because of these 
advantages: First, it allows increased transfection efficiency compared to primary osteoblasts. Second, MC3T3- 
El follows the same pattern of primary osteoblast development and differentiation in culture. 17 Third, MC3T3-E1 
expresses OA at much lower level than primary osteoblast (data not shown) and this reduces the background that 
might interfere with OA over-expression. Using a CMV- green fluorescent protein (GFP) control vector, we 
reproducibly obtained a maximal efficiency transfection of 30%, which resulted in a fourfold increase in OA 
levels observed by RT-PCR (Figure 5) and Western blot analyses (data not shown). In order to examine the role 
of OA in osteoblast proliferation, osteoblast cultures were transfected with CMV-OA or CMV- empty vector 
(E.V). Then, at day 5 of culture, MTT assay (Figure 6 - A) and cell number counting (Figure 6 - B) were 
performed. OA over-expression had no significant effect on osteoblast viability or proliferation (Figure 6). 

The effect of OA over-expression on osteoblast differentiation markers during matrix maturation and 
matrix mineralization stages was examined and it was found that OA over-expression significantly induced ALP 
activity at day 14 (Figure 7 - A), calcium deposition (Figure 7 - B), nodule formation (Figure 7 - C, D, and E), 
osteocalcin (OC) production (Figure 7 - F), and OC gene expression (Figure 7 - G) at day 21. 

OA over-expression also markedly induced Cbfal expression (Figure 8). Cbfal is a transcription factor 
that was found to be a "master" gene for the process of osteoblast differentiation and development. 18 Cbfal 
induces the expression of different genes that regulate osteoblast function, such as osteocalcin, osteonectin, and 
bone sialoprotein. 19 Cbfal expression starts early and increases with time in culture, reaching the maximum at the 
end of culture period. 20 Collectively, gain of OA expression markedly induced osteoblast differentiation markers 
and Cbfal expression in vitro. 

DISCUSSION 
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In the present study, we examined loss and gain of OA expression and its functional role in osteoblast 
development in vitro. For this purpose, OA gene expression was manipulated using antisense oligonucleotides to 
down-regulate OA expression and CMV-OA construct to induce OA expression. OA expression was effectively 
modulated in osteoblast cultures (Figures 1 and 5). This approach was successfully used to examine the role of 
orphan nuclear estrogen receptor-related receptor alpha (otERR) in osteoblast differentiation and function. 21 

Examination of how OA affects osteoblast development would help in understanding its functional role. 
Osteoblast-related proteins can influence osteoblast development in different ways. TGF-p and lalpha, 25- 
dihydroxy vitamin D3 affect osteoblast development mainly during the proliferation period. 22 Bone 
morphogenetic proteins mainly affect osteoblast differentiation. 23 Connective tissue growth factor affects both 
osteoblast proliferation and differentiation. 24 The effect of modulation of OA expression on osteoblast 
development was examined and was found that inhibition or induction of OA expression had no significant effect 
on osteoblast proliferation or viability (Figures 2 and 6, respectively). These data were supported by studies on 
human glioma cell lines showing that OA over-expression did not affect their proliferation or cell cycle phases. 25 

We further examined the role of OA during osteoblast differentiation stages, and found that loss of OA 
expression significantly inhibited osteoblast differentiation markers (Figures 3 and 4). On the other hand, gain of 
OA expression significantly induced osteoblast differentiation markers (Figures 7 and 8). These data suggest a 
critical role for OA in the process of osteoblast differentiation. These data were supported by previous in vivo 
findings showing that OA expression increased in the fracture repair model, with time following fracture reaching 
a maximum at 2 weeks postfracture. 7 

OA has high homology to proteins that regulates melanocyte differentiation and function such as Pmel- 
17 and murine nmb. Pmel 17 (a melanocyte specific gene) may function as a catalyst in melanin biosynthesis and 
take part in melanocyte differentiation. 5 Murine nmb also plays an important role in melanin biosynthesis and 
development of the retinal pigment epithelium . 4 Osteoblast and melanocytes have shared embryological origin. 
During early vertebrate development, neural crest cells emerge from the dorsal neural tube, migrate into the 
periphery, and form a wide range of derivatives. Crest cells from all axial levels form neurons, glia, and 
melanocytes; the cranial crest additionally generates skeletal derivatives such as bone and cartilage (ear and 
facial). 26 The shared developmental origin (neural crest) of melanocytes and osteoblast has implications at 
molecular and clinical levels. At molecular level, there is growing number of genes that found to regulate both 
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melanocyte and osteoblast functions. BMP2 27 and TGF-[}1 28 (major regulators of osteoblast development in vivo 
and in vitro) were found to play a major role in melanocyte development. On the other hand, alpha melanocyte 
stimulating hormone (ctMSH) (a major regulator of melanocyte development) was recently found to play an 
important role in regulation of osteoblast development. 29 At the clinical level, osteoporosis-pseudoglioma 
syndrome (OPPG) (a rare autosomal recessive disorder) is characterized by severe juvenile- onset osteoporosis and 
congenital or early-onset blindness due to retinal dysplasia. The gene responsible was recently identified to be the 
low density lipoprotein receptor-related family member LRP5. 30 LRP5 is expressed by osteoblasts in situ and 
play an important role in osteoblast development . 3I Pigmentary glaucoma syndrome also (a significant cause of 
human blindness) was linked to stop codon mutation in murine glycoprotein nmb (Gpnmb) 32 that has high 
homology (71%) with OA and has temporal pattern of expression in primary osteoblast cultures. 4 Collectively, 
these studies suggest that OA protein and its protein family might be involved in regulation of both osteoblast and 
melanocyte differentiation and functions. 

OA also has high homology to proteins that regulate cell migration such as DC-HIL and human nmb. 
DC-HIL preferentially expressed by the dendritic cell line (XS52), might be involved in transendothelial 
migration of dendritic cells. 6 Human nmb is also implicated in regulation of migration of melanoma malignant 
cells. 3 Cell migration and matrix remodeling are key events in tissue repair and restructuring. In fracture repair 
process, osteoblasts are responsible for the production of new bone matrix during bone remodeling. 32 
Interestingly, there are a number of osteoblast-related genes that are involved in osteoblast migration as well as 
differentiation, such as osteopontin, 33 periostin, 34 osteoblast-specific factor- 1 , 35 osteonectin, 36 bone 
morphogenetic protein 2 (BMP2), 37 and Cbfal. 38 Recently, it was found that OA expression significantly induced 
human glioma cell migration in vitro and in vivo. 22 Previously mentioned studies suggest that OA might regulate 
osteoblast migration in addition to its role in osteoblast differentiation. These 2 roles are very essential during 
fracture repair, especially for fractures that are healing poorly. 39 

OA is expressed in osteoblast cells in vitro and in vivo 2 and appears to have a critical role in osteoblast 
differentiation in vitro. These findings indicate that OA may have an important function in the formation and 
turnover of the skeleton, but the mechanism by which it does so (ie, through affecting osteoblast migration and 
chemotaxis) remains to be established. 
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The identification of novel anabolic agents in bone, and perhaps even more important, gaining insights 
into their mechanisms of action, are subjects of intense clinical interest. Various diseases or conditions cause 
either localized or systemic bone loss, including various forms of osteoporosis, certain malignancies, and 
inflammation. 40 Osteoporosis is a systemic disorder characterized by a gradual reduction in bone mass 
(osteopenia) to a point where the skeleton is compromised, which leads to bone fragility and increased 
susceptibility to fractures of the hip, spine, and wrist. 41 In the United States it is estimated that $10 billion to $15 
billion are spent annually for the treatment of osteoporotic fractures. Identification of factors that have potential 
therapeutic application would have a beneficial effect, either locally (as in fracture repair or localized osteopenia) 
or systemically (as in generalized osteoporosis). In conclusion, OA plays a critical role in osteoblast 
differentiation in vitro, and characterization of that role in osteoblast development represents a step in that 
direction. 
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Figure Legends 

Figure 1. Inhibition of OA expression in primary osteoblast culture by OA antisense oligonucleotides. (A) 

Seven different OA antisense oligonucleotides were tested for their ability to block constitutive OA mRNA 
expression in the RAT-2 cell line. Different OA antisense oligonucleotides were transfected into RAT-2 cells 
(lanes 1-7), followed by RT-PCR, using OA specific primers. Controls included cells treated with the transfection 
reagent only or cells transfected with scrambled oligonucleotides (mock). OA cDNA was used as a template for 
PCR positive control. 18S was used as an internal PCR control. No template indicates no cDNA was added and 
used as a negative control. (B) Densitometry analysis for RT-PCR in (A), ratio was expressed as percent of 
maximum expression. (C) Primary osteoblast cultures were transfected with 0.5 MM of sense or OA antisense- 1 
(OA-AS1) oligonucleotides and RT-PCR for OA was performed at day 21 of the culture. 18S was used as an 
internal PCR control. M= ladder. (D) Densitometric analysis of RT-PCR gel represents the ratio of OA over 1 8S 
expression. (E) Western blot analysis of OA in primary osteoblast cultures transfected with 0.05 uM of sense or 
OA- AS oligos. Anti-OA antibody detected 2 protein bands corresponding to non-glycosylated OA protein (-65 
kDa) and glycosylated OA (-95 kDa). Equal loading of proteins across lanes was verified by reprobing the blot 
for p-tubulin. (F) Densitometric analysis for Western blot in (E). 
Suggested location: close to results in page 10 

Figure 2. OA-AS oligos had no effect on osteoblast proliferation or viability. Primary osteoblasts were either 
not transfected or transfected with 0.5 uM of sense or OA-AS oligos. At day 5 of the culture, MTT (A) and cell 
counting (B) assays were performed. Results are expressed as a percent of control, where cells not treated (No 
Tx) are 100 %. 

Suggested location: close to results in page 1 1 
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Figure 3. OA-AS oligos decreased ALP activity and production. Primary osteoblast cultures were either not 
transfected or transfected with 0.5 |im of sense or OA-AS oligos, then ALP activity was measured at day 14, as 
shown in (A). Parallel cultures transfected with sense (B) or OA-AS oligos (C) were histochemically stained for 
ALP. Data in (A) were presented as a percent of control where not treated culture (No Tx) is 100%. ** represents 
P < 0.01 when OA-AS oligos treated culture compared to either No Tx or sense treated cultures. In (B) and (C) 
pictures were taken using a Nikon inverted microscope at 40x magnification. Insets showing scanned images for 
stained wells 

Suggested location: close to results in page 1 1 

Figure 4. OA-AS oligos reduced nodule formation, calcium deposition, and osteocalcin production at day 

21. Primary osteoblasts were either not transfected or transfected with 0.5 ^tM of sense or OA-AS oligos. At day 
21 of the culture, nodule formation was evaluated by alizarin red staining: (A) Primary cultures transfected with 
sense, (B) cultures transfected with OA-AS oligos and (C) size of stained mineralized nodules. In a parallel 
culture, calcium deposition (D) and osteocalcin production (E) were measured. In (A) and (B), pictures were 
taken using a Nikon inverted microscope at lOOx magnification. In (C), (D) and (E) data were presented as a 
percent of control where cells not treated (No Tx) is 100%. *represents P < 0.05 when OA-AS oligos treated 
cultures compared to either No Tx or sense treated cultures. 
Suggested location: close to results in page 1 1 

Figure 5. OA over-expression in MC3T3-E1 osteoblast culture. MC3T3-E1 osteoblast cultures were 
transfected with CMV-green fluorescent protein (GFP) or CMV-OA then RT-PCR for OA was performed, as 
shown in (A). (B) Densitometric analysis of RT-PCR represents the ratio of OA over 1 8S expression. 18S was 
used as PCR internal control. M = lOObp ladder. 
Suggested location: close to results in page 12 
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Figure 6. OA over-expression had no effect on osteoblast proliferation or viability. MC3T3-E1 osteoblasts 
like cells were either not transfected or transfected with CMV-empty vector (E.V) or CMV-OA. At day 5 of the 
culture, MTT (A) and cell number counting (B) assays were performed. Results are expressed as a percent of 
control where cells not treated (No Tx) are 100 %. 
Suggested location: close to results in page 12 

Figure 7. OA over-expression induced osteoblast differentiation markers. MC3T3-E1 osteoblast cultures 
were either not transfected or transfected with CMV-empty vector (EV) or CMV-OA, then cultures were 
terminated at 14 or 21 days for assessment of differentiation markers. (A) ALP activity measured at day 14. At 
day 21 of culture, calcium deposition (B), nodule formation evaluated by von Kossa staining for cultures 
transfected with CMV-EV (Q or CMV-OA (D), size of mineralized nodules (E), osteocalcin production (F) and 
RT-PCR for osteocalcin gene expression (G) were examined. In (A), (B), (E) and (F), data were presented as a 
percent of control where cells not treated (No Tx) or cells treated with CMV-EV are 100%. * represents P < 0.05 
and ** represents P < 0.01 when CMV-OA transfected culture compared to not transfected or CMV-EV 
transfected cultures. In (C) and (D), pictures were taken using a Nikon inverted microscope at 40x magnification. 
In (G), RT-PCR for 18S was used as PCR internal control. 
Suggested location: close to results in page 12 

Figure 8. Cbfal expression induced by OA over-expression in MC3T3-E1 osteoblast culture. MC3T3-E1 
osteoblasts were transfected with CMV-EV or CMV-OA. (A) RT-PCR for Cbfal gene expression at day 14. (B) 
Densitometric analysis of RT-PCR in (A). G3PDH was used as PCR internal control. 
Suggested location: close to results in page 12. 
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to use stem cell gene transfer in primates! 
resulted in only low-level transient gene! 
expression, irwufficient for clinioil use. The; 
observation that the only donor cells de- 
tected in some patients "cured" by allogc-: 
neic bone marrow transplantation was their; 
T cells — the others remaining ADA-defi-; 
cient (5) — raised the possibility that T cell-; 
directed gene rherapy also might be a useful: 
treatment. 

The introduction of enzyme replace-: 
mcnt with A DA-con raining erythrocytes 
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48. T ceo receptor V p -chain usage was analyzed on 
transduced T ceB linos by reverse tran^criptase- 
PCR Briefly, total RMA wgs reverse transcribed with 
Oligo(dT) and oltgotdO) primera and subjected to 
PCR whh V - or C^-specific oEgonudeotides [46] or 
to anchored PCR with a C p -specific origonucleotlde 
ea deacribed (47). Amplified products were analyzed 
by agamse gel electrophoresis. 

49. We aro Irxtebted to U Rugglerl and A. Week for pGr- 
forming some of the ex vivo end in vilro analyses of 
gene transfer frequency; lu thQ nurses and cSnicaJ 
staff of the CEnlca Pediaiilca, School of Medicine. 
UnivBrsity of Brescia, for skDod end dedicated care; to 
A. Arfigttni and A. Oescenzo for c£nical asaslsnce fn 
Cheex^rKtedcaraoftrBtwDDstients; to A. Ptebanlfor 
dosing specific antibody production; 16 M. Hershfieid. 
P. OeliabonB, and A Ballatfo for hetprul rjlsoussions; 
and to Enzon, Inc., and Ophan Europe for providrig 
PEG- ADA before comm^rdal distribution. Supported 
by grants from Totethon, the Italian Nations] RBSftiflcn 
Counci, and the Italian Mhistry of HeeJth (TV-vll AlOS 
Projects). 
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(6) or with bovine ADA conjugated with 
polyethylene glycol (PEG-ADA) (7) hits 
made this approach feasible. PEG-ADA has 
provided noncurative, life-saving treatment 
for ADA" SCID patients; with this treat- 
ment, most patients have experienced 
weight gain and decreased opportunisuic in- 
fections. Full immune reconstitution has 
been less regularly achieved with enzyme 
therapy. T cell function as measured by in 
vitro mitogen responses improved in most 
patients, but fewer patients recovered con- 
sistent immune responses to specific anti- 
gens [for instance, as measured by normal 
delayed-type hypersensitivity (DTH) sjcin 
test reactivity] (8-10)- Nearly all PEG- 
ADA-treaced patients showed increased 
peripheral T cell counts, which provided a 
source of T cells for gene correction not 
available without enzyme therapy. Further- 
more, enzyme treatment could be continued 
during the gene therapy trial so that the 
ethical dilemma of withholding or stopping 
a life-saving therapy to test an unknown 
treatment could be avoided. 

The adenosine deaminase complemen- 
tary DNA (cDNA) (U) is 1.5 kb and fits 
within a retroviral vector. With the use of 
an ADA-comaining retroviral vector, 
ADA-defictent T cell lines were transduced 
to express normal amounts of ADA; this 
rendered them normally resistant to intox- 
ication and growth inhibition when chal- 
lenged with deojeyadenosine {12, 13). 
Next, studies in mice, rabbits, and nonhu- 
man primates using T cells modified with 
retroviryl vectors showed normal cell sur- 
vival and function after their reintroduc- 
tion into recipient animals (H). Fin*iUy» 
Bordignon and colleagues (15) showed that 
ADA gene-corrected T ccll$ acquired a 
survival advantage compared with uncor- 
rected ADA-deficient cells when trans- 
planted into immunodeficient, but ADA- 
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# Lymphocyte-Directed Gene Therapy for ADA 

SCSID: initial Trial Results After 4 Years 

R. Michael Blaese,* Kenneth W. Culver, A, Dusty Miller, 
Charles S. Carter, Thomas Fleisher, Mario Clerici.t : 
: iQene SHearer, Lauren Chang, Yawen Chiang, Paul Tolstoshev, 

. Jay J. Greenblatt, Steven A. Rosenberg, Harvey Klein; 
; Melvin Berger, Craig A, Mullen,$ Jay Ramsey, Linda Muul, 
" ; Richard A. Morgan, W. French Anderson§ 

-A 19.90, a clinical trial was started using retroviral-mediatecl transfer of the adenosine : 
•;ete^mjna5e (ADA) gene into the T cells of two children wrth severe combined immuno- ; 
: deficiency (ApA~ SCID). The number of blood T cells normalized as did many cellular and ; 
. htimbral immune responses. Gene treatment ended after 2 years, but Integratecj vector 
and ADA gefie. expression in T cells persisted. Although many components remain to be : 
: perfected, ftis concluded here that gene therapy can be a safe and effective addition to 
: treatment for some patients with this severe immunodeficiency disease. 



JUL-24-2003 17:47 AICSERUICES 



P. 16 



2500 



Fig; 1. Peripheral blood T ceO counts 
since the time the diagnosis of ADA 
deficiency was made, dates of treat- 
ments, and the total number of cells 1 
infused for each patient, ADA level is 
measured in nanomoles of adenosine 
cfearninated per minute par 10° cells. 
Vortical bars indicate the dates of cell 
infusion, and their height represents the 
total number of nonselected cells in- 
fused at each treatment. The T cell 
numbers represent total CD3-bearing 
Tcalfs determined by standard flow cy- 
tometric analysis. (A) Patient 1 began 

genfe therapy on 1 4 September 1 990 (protocol day 0) and received a total of 
1 1 Infusions. Cellular ADA enzyme level is Indicated by the dashed line. ADA 
ectwty was determined as described (13, 25). Values shown are the mean of 




(730) (385) 



O 385 730 
Protocol day 



duplicate samples and represent EHNA-sensitive ADA enzyme 
Patient 2 began gene therapy on 31 January 1991 {protocol 
received of a total of 1 2 infusions. 



activity, (B) 
day 6> and-.^l 



normal BNX recipient mice. 

The clinical protocol used here has been 
described elsewhere (26). Patients with 
documented ADA" SCID were eligible if 
thtey did not have & human lymphocyte 
antigen-matched sibling as a potential do- 
.nor'for marrow transplantation and if chey 
had; been, treated wim PEG- AD A fur at 
least 9 months without full immune re con- 
stitution. T cells were obtained from their 
blood by apheresis, induced to proliferate in 
culture, transduced with the ADA retrovi- 
ral : vector LASN, culture-expanded, and 
t then reirifuscd into the patient after 9 to 12 
day< {17). No selection procedure was used 
to enrich for gene-transduced cells. 

The clinical histories and ADA gene mu- 
tation* of ench patient have been reported 
{IB, 19). Patient 1 presented with infection at 
2 days, of age and had recurrent infections and 
very poor growth until 26 months of age, 
when the diagnosis of ADA deficiency was 
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established and $hc was started on PEC-ADA 
[30 U per kilogram of body weight per week 
(30 U/kg/week)]. Treatment with PEG-ADA 
enzyme for approximately 2 years had resulted 
in significant; hut incomplete, benefit. With 
PEG-ADA she gained weight, had fewer in- 
fections, and transiently developed a normal 
peripheral blood T ceil count (Fig. lA), and 
her T cells had acquired the ability to respond 
10 mitogens in vitro. However, significant 
immune deficiency persisted, including recur- 
rence of her T lymphopenia (Fig. 1 A), DTH 
akin test anergy (Table J ), depressed in vitro 
immune reactivity to specific antigens such as 
tetanus toxoid, failure to generate normal cy- 
totoxic T cells to viral antigens or allogeneic 
eclb, defective irnmunoglobultn production 
and absent or weak antibody responses to 
several vaccine antigens, and borderline iso- 
hcmagglutinin titers (Table I). At 4 years of 
age, she was enrolled in this trial. 

The course of diseatsc in patient 2 (who 
whs 9 years old when enrolled in the trial) 
whs milder than that seen in classic SCID 
(19). She had her first serious infection at 
age 3, and -septic arthritic ar. age 5; the 
diagnosis was finally established at age 6 
when significant lymphopenia with ADA 
deficiency was confirmed. This patient had 
an excellent initial improvement in periph- 
eral T cell numbers sfteT the start of PEG- 
ADA therapy (30 U/kg/wcek) at age 5, but 
lymphopenia recurred in the third and 
fourth years of enzyme treatment (Fig. IB). 
During the year before gene therapy, repeat- 
ed evaluation of her immune system showed 
persisting immunodeficiency, hut; less se- 
vere than that in patient 1. Despite 4 years 
of enzyme treatment, DTH skin test reac- 
tivity was absent (Table. 1), cytotoxic T 
cells to viral antigens and allogeneic cells 
were deficient, and iso hemagglutinins were 
barely detectable. However, illustrating the 
variability seen in the responses of patient 2 
over rime, blood lymphocytes that were 
cryoprescrved from the day the clinical trial 
began and tested later showed normal cyto- 
toxic activity to allogeneic cells. ■ 

Within 5 to 6 months of beginning gene 
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therapy, the peripheral blood T cell counts 
for patient 1 (Fig, 1A) rapidly increased in 
number and stabilized in the normal range ■ 
and have remained normal since that time 
{20). ADA enzyme activity, nearly unde- 
tectable in her blood lymphocytes initially, 
progressively increased in concentration 
during the first 2 years of treatment to reach 
a level roughly half the concentration 
found in heterozygous carriers (expressing 
only one intact ADA allele) and has ro- 



table 1. DTH skin test reactivity and isohamag-' 
glutinin titers in sera of each patient at various 
times during the treatment protocol. Skin' teste 
were applied as Multilist (Pasteur Meiieux, Lyari; : 
France) and scored according to the rr^ufacturi-' 
er'S in$(ructlon$ 48 to 72 hours after being ptecsd. 
Seven antigens were placed on the dates indlcat* ' 
ed, although only five were technically satisfactory 
on day 1252 for patent 1 on* day 1118 for 
pattern 2. tsohemagglutinin titers were determined 
by Standard blood bank techniques {34]. Ninety ■. 
five percent of normal children over the age of 2 
years will have a titer of : 1 6 and 82% will have, 
a titer ^ : 32 (35). ND. not done. For the DTH skin . 
tests, positive tests were elicited; T, tetanus tox- 
oid; D. diphtheria toxoid; C, Candida albicans-. R, 
Proteus antigen; S, streptococcal antigen; OT, old 
tuberculin. ; 
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ND 
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ND 
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ND 


501 
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■ ruaincd at that level since (Fig. 1A). Thus, 
bpth the reconstituted number of peripheral 
•blood T cells and the elevated T cell ADA 
= enzyme concentration have persisted since 
the patient's last treatment, indicating that 

': pjsriphenii T cells can have an unexpectedly 
. long lifespan and that gene expression 
from the retto viral vector has not been 
silenced over this period. 
' Patient 2, who had variable immune re- 
activity; before enrollment, responded to the 
institution of lymphocyte infusions, with 
.her peripheral T cell count rapidly increas- 
ing to levels in the high normal range (Fig 
IB). Beginning with infusion 5, which in- 
cluded protocol modifications to partially 
deplete CDS cells from the initially cul- 
tured cell population (21 ), her T cell count 
fell into the mid-normal range, where ir 
'persisted .throughout the treatment period 
and fur a.year after the last cell infusion. In 
.contrast ijo those in patient 1, ADA enzyme 
levels in the circulating T celb of patient 2 
.did not rise significantly above the small 
amounts ! seen before gene therapy treat- 
ment (-1.5 runol/IO 15 cells per minute). 

• The differences in final lymphocyte ADA 
conciliation are consistent with the levels of 
gene- transfer reached in these patients. For 
several months in the second protocol year 
Coring wHtch cell infusions were not given, 
LASN vector sequences detected by poly- 
merase chain reaction (PCR) maintained a 
stable frequency in the peripheral blood of 
patient l ;at a level greater than the PCR- 
positive control standard containing the 
equivalent of 0.3 vector copies/cell (Fig. 2). 
By contrast, although vector-containing celb 
were also stably detected throughout a similar 

. period in patient 2, their level reached only a 
value equivalent to 0.1 to 1.0% of her circu- 
lating cell's? carrying the inserted ADA vector. 

The principal contributor to the differ- 
ence in the final frequency of LASN vec- 
tor-modified T cells in patients 1 und 2 was 
the low gene transfer efficiency in the cells 
of -patient 2; this was consistently only a 
tenth or less of what was routinely achieved 



in the cells from patient 1. Despite the gross 
differences in the final proportion of vector- 
containing cells reached in these two pa- 
tients, both CD4 and CD8 T cell popula- 
tions from each have remained consistently 
positive for integrated vector sequences 
since the first infusion through protocol day 
1480 for patient 1 and through protocol day 
1198 for patient 2 (Fig. 2). 

To more accurately measure the propor- 
tion of vector-containing cells in patient I, 
we performed quantitative Southern (DNA) 
hybridization analysis for vector sequence on 
DNA isolated from her peripheral blood T 
celb at different days during the course of 
this protocol, On protocol days 816 and 
1252, which represent samples taken 109 
and 545 days after the last treatment, the 
vector concentration was at the level of 
approximately one vector copy per cell (Fig. 
3). Longitudinal studies of samples obtained 
thn)ughout the study show that this large 
amount of integrated vector was reached by 
infusion 8 (D707) and that ir. has remained 
in this range since that time (22). 

The use of a restriction «ndonucleasc that 
cuts only once within the vector sequence 
does not give detectable bands (Fig. 3), indi- 
cating that the population of blood T cells at 
these dates is not oligoclonal with respect to 
integrated vector. Vector-derived mRNA 
was readily detected by reverse transcription 
(RT)-PCR at these same times (Fig. .3), con- 
firming that vector expression persisted and 
was correlated with the presence of ADA 
enzyme activity in her circulating T cells. 

To evaluate the effect of gene therapy on 
the immune function of these r.wp patients in 
addition to its beneficial effect on T cell 
numbers, wc performed a panel of immuno- 
logic studies both before, and at various times 
after, treatment. UTH skin test reactivity to 
common environmental and vacritie antigens 
tests the overall competence of the cellular 
immune system because a response depends 
On the full complement of cellular functions, 
not just cell proliferation or sccrcrion of a 
single cytokine (Table 1). Patient 1 was an- 



ergic before our protocol treatment despite 
nearly 2 years of PEC-ADA treatment. Eight 
months after the initiation of gene therapy 
(protocol day 251), she had a brisk DTK 
response to a single intradermal skin test with 
tetanus toxoid. By protocol day 455, DTH 
responses to five of seven antigens were 
present, and this increased responsiveness has 
persisted, through day 1252. 

Before the protocol, patient 2 had no 
positive DTH skin test (Table 1 ). At pro- 
tocol day 501, five positive DTH skin tests 
were elicited, and this increased DTH reac- 
tivity had persisted when she was last tested 
on day 1118. She also acquired palpable 
lymph nodes and visible tonsils during the . 
period of protocol treatment. 

To corroborate the improved immune 
function indicated by these DTH tests, we 
evaluated the capacity of peripheral T cells 
from our patients to produce interleukin-2 
(IL-2) or to kill antigenic target cells in 
vitro. In several patients treated with PEG- 
ADA, in vitro T cell proliferative responses 
tti mitogens may normalize, whereas respons- 
es to specific antigens are less improved (7- : 
10), During PEG- ADA treatment before 
gene therapy, T ceils from patient 1 pro- 
duced IL-2 in response to stimulation with 
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■ Fig. 2. PCR evaluation of the frequency of LASN 
' vector^pesitive cells in the blood of patients 1 and 
i2 at various protocol days. (A) Celts from patient 1 

• for protacdi days (D) 304 to 591 (see Rg . 1 A). PCR 

• analysts was performed as described (265 In an 
ethidiurn-etained gel. (B) Ceils from patient 2 for 
protocol- daye P) 333 to 501 (see Rg. 1B). PCR 
products were probed with ^P-labeted neo gene 
as cfescrlbed (26). (C) Purified CD4 1 and CD8 + 

■ cell subpojpulations from patient 1 (D1460) and 

. patient '2 (D1 198) prepared by separation of pe- 
ripheral btood mononuclear ceils (PBMCs) by flu- 
dijesc^nce-actrvaied ceil sorting (FACS). The pu- 
rity of the ^separated T cell subpopulations from 
which DNA was.axtracted exceeded 98%. 8$ con firmed by FACS analysis. Direct PCR with pP]cteoxy- 
cytosine triphosphate was performed as described (27). Standards (STD) were prepared from DNA 
obtained from cell mixtures of a known proportion of LASN-transduced ceils containing a single vector 
insQrt mixed with veflor-negetiva ceils. C, vector-negative control cells. 
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Rg. 3. Quantitative Southern hybridization analy- 
sis of DNA prepared from the blood mononuclear 
cells of patient 1 on protocol days (D) 816 and 
1252 C2$). DNA digested with Sst I should yield a 
single restriction fragment of 3.1 kb containing 
both the vector neo and ADA genes. Eco Rl cuts 
only once within the vector sequence, and there- 
fore a detectable band would indicate that a pre- - 
dominant clone with a single unique vector Integra- ' 
tion site was present in that blood sample. None 
was detected. Poiyadenylated mRNA was extract- 
ed from the patient cells on days 0, 81 6, and 1 252 
and analyzed for vector message by RT-PCR (29). 
The primer locations used ere Indicated as short 
solid lines above the vector diagram. SV, SV40 ' 
early promoter; (A)„, pofyadenyletion site: ex- 
tended retrovirus packaging signal. Hatched re- , 
gions indicate protein coding regions. 
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3 Rg. 4, Evafuation of the In vitro oel- 
'}-. Itdar imrnune responses at blood T 

• eels from, patients 1 and 2 at vari- 
r -ctJS times -before and during the 
i gene therapy trial. At least two nor- 
j. maJ-aubiBc^vvereindLicjedconcur- 

fsntly in each assay, and only those 
: (ft which trie controls responded 
appropriately are included here. CA) 
^PrtX&ictlon.cf IL-2 by cuJtured cells 
1* frofn.patteht 1 after stimulation with 
•'j- thamftogerifPHA and with the spe- 
: cfflc antlQsnfi tetanus toxoid and in- 
/ fluanza-A- virus as described (30), 
T !L : 2 was. quantitared by bioassay 
.>'■ measuring the proliferation of the 
j lli-2-.dependent T cell line CTU. at 
'j:' a 1)2 dilution of the lymphocyte cuf- 

• ture. supernatant. The fine dashed 
f. line indicates the patient's T eel) 

count for reference. Solid triangles 
■i along the base line indicate the dates of ceil infusion. (B) In vitro killing of a 
? 61 Cr-lebefed, influenza A-infected autologous 8 cell line and a "Cr-labeled 
■ ; allogeneic target B cell fine by blood T cells from patient 1 as described (31). 
■ Lysis {as* percent specific isotope release during a Q-hour incubation of 
v effector end target cells at a ratio of 60 ;1) was measured after in vitro 
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pre-stlmulation for 1 days. Solid triangles along the base line indicate the 
dates of cell Infusion. (C) In vitro killing Of a 6j Cr-labeled, influenza A-tn- 
fected autologous B ceil and a 5l Cr-labeIed allogeneic target B cell line by 
blood T ceils from patient 2 as described above. 



•;.;the mitogen phytohemagglutinin (PHA) 
I (Fig, 4A) But were unable to produce IL-2 in 
.:'te$poase to stimulation with influenza A 
virus or tetanus toxoid, despite repeated im- 
. muhizaiiqh with these antigens. Over the 
fust months of gene rherapy, IL-2 produc- 
tion improved and became normal after 1 
; year (Fig, 4A). Again before gene therapy, 
patient l's T cells failed to show significant 
; cytolytic reactivity Hg*unst cither allogeneic 
; cells Or influenza A-4rifcctcd target cells. 
\ Almost mirroring the steady increase in IL-2 

• production- she acquired normal in vitro cy- 
; tolytjc T «?ll responses to those antigens, 

■ reaching normal values in her second year of 
.' •tr^trri^L^Pig. 4B). 

. * _ The results of these cytolytic assays for 
i patient 2 are shown in Fig. 4C. Tests done 
; ; 120 days before the beginning of gene ther- 
; apy also, showed impaired responses. Howev- 
; ■ er, ceHs.that were obtained at the time of the 
1 first .genie :therapy infusion, cryopreserved, 
: and subseojuently tested some nuinrhs later 

• showed 'a normal cytolytic response to allo- 
[ genek cells. After a year on gene therapy, 
',. cytolytic T cell activity against influenza also 
- became ncfrmaK 

To evaluate the effects of our treatment 
on humoral immune function in these pa- 
tients, we. .measured antibody responses to 
several antigens. Despite their PEG-ADA 
treatment, ' both patient* 1 and 2 had only 
' low or borderline titer? of ^hemaggluti- 
nins on repeated testing before gene thera- 
py. Each patient showed significant eleva- 
tions, in the levels of these antibodies with- 
in 90 to $15 days of beginning treatment 
wit^i gene^mcKiified cells (Table 1). Isohe* 
rnagglutihins are antibodies chat react with 
'^upf/C-.and B red blood cell antigens and 

• occur ispbntaneously as a result of environ- 



mental exposure to cross-reacting antigens. 
Isotamagglucinin responses are, therefore, 
less dependent on the timing of previous 
immunizations than are responses to com- 
mon vaccine antigens. After gene therapy, 
each patient also had improvement in an- 
tibody responses to vaccines to Hemophilus 
influenzae B (H1B) and tetanus toxoid (Fig. 
5). With enzyme therapy alone, .peripheral 
lymphocytes from each patient were unable 
to produce immunoglobulin M (IgM) in 
vitro after stimulation with pokeweed mi- 
togen (PWM), but made robust responses 
after a year on the gene therapy protocol 
(Fig. 5A). Immunoglobulin production to 
PWM depends on T cells; these results fur- 
ther confirm the reconstitution of T cell 
function associated with gene therapy. 

The effects of this treatment on the clini- 
cal well-being of* these patients is more diffi- 
cult to quamitatc. Patient 1. who had been 
kept in relative isolation in her home for her 
first 4 years, was enrolled in public kindergar- 
ten after 1 year on the protocol and has missed 
no more school because of infectious disease 
than her classmates or siblings. She has grown 
normally in height and weight and is consid- 
ered to be normal by her parents. Patient. 2 
whs regularly attending puhlic school while 
receiving PEG- AD A treatment alrine and has 
continued to do well clinically. Chronic si- 
nusitis and headaches, which had been a re- 
curring problem for several years, cleared 
completely a few months after initiation of 
the protocol. 

This trial of retroviral -mediated gene 
transfer shows rtat the survival of reinfuscd 
transduced peripheral blood T cells is pro- 
longed in vivo; the erroneous assumption 
that T cells would not have such long-cerm 
survival was often cited as a potential prob- 
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lem with rhis treatment strategy. Patient 1 
has h«d a normal total peripheral T cell 
count since the last cell infusion, and the 
proportion of her circulating T celts carrying 
vector DNA has nsmaincd stable over that 
period. Further, expression of the ADA 
transgene under the influence of the retro- 
viral long terminal repeat (LTR) promoter 
has persisted for a long period in vivo with- 
out obvious extinction. There have been 
swings in the level of ADA enzyme in her 
peripheral lymphocytes throughout die, peri- 
od of observation, but the level of blood 
ADA erayme activity at 4 years (protocol 
day 1460) is equivalent to that found imme- 
diately after the last cell infusion 2 years- 
earlier (Fig. IA). Although the data have 
not yet been completely analyzed, blood ob- 
tained after 5 years showed continuation of 
this trend with, again, a normal T lympho- 
cyte count and an equivalent ADA level- 

The mechanism by which our treatment 
aided immune reconstitution in parienr 2 is 
less clear. The responses of patient I to some 
in vitro immunologic tests were variable be- 
fore beginning our treatment protocol, rang- 
ing from tittle or no detectable response to 
nearly normal responses on the blood sample 
from the day gene therapy began. This patient 
produced a normal antibody response to im- 
munization with bacteriophage tpX 174 about 
a year before beginning gene therapy (8). 
Although we have shown several examples of 
depressed cellular and humoral immune re- 
sponses that strongly improved after gene 
therapy, this highly variable immune reactiv- 
ity while patient 2 was on PEG-ADA therapy 
shine complicates interpretation of the con- 
tribution of nur therapy. There was a temporal 
relation between initiation of gene therapy 
and a normalized peripheral T cell count, 
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;: Fii£ Mumora! immune function of patients 1 and 
fefaF^fsoiid bars) and after (hatched bars) gene 
: ; $erapy. (A) *gM production by the patient's pariph- 

^.btood mononuclear cells in cultures stimulated 

oitffff the' T ce^dependent polyclonal activator 
v performeaias described (32). "Before" sam- 
\p|^ were from D(-9). Follow-up cultures were at 

DSrjo (patient t) and D560 {patient 2). in each esse, 

■ : tf» patient's ceils stimulated with the T ceH-inde- 
pendent B pell sfrnutem EBV {33} produced normal 

■'. arriwiTts of JgM(pOt shown), indicating intact B cell 
function before'.epd after gene therapy, as expect- 
ed; At least two-normal subjects were included concurrently In each essay, and only those in which the 
. . .^oritrOte responded appropriately are included here. (B) Serum antibody response to Hemophilus influenzae 
' -B^Pafient-t .had failed to respond to two irnrnurtotions while on PEG-ADA alone P(-9) shown]. Her 
"^response at protocol D691 is shown, after immunization. Patient 2 had some HIB-specifie antibodies 
'present before therapy [D^- 1 22)], whose amounts increased without additional immunization during the 

■ protocol {0560^(0 Serum tetanus antibody. Patient 1 had negligible response to five separate tetanus 
ijrnrriunizat'lons before gene therapy (D(-4S) shown] but responded briskly at D731, 24 days after re- 
^Erninunizatlon, Serum titers for patient 2 are shown for D(-9}, 140 days after immunization while on 
p£G7AbA'a!on&, and after receiving gene therapy (0592), 32 days after a booster tetanus immunization. 




'. improved DTli, appearance of tonsils and 
. palpable lymph nodes, normalized isohemag- 
•e^itinin respond and improved PWM re- 
'r>L^ r . , tt__..a — ?- r-U* 

-jSpOriSc,. S& wcii ua umci nw-wio- in view 

relattyely low level of ADA gene transfer 
' achieved in thi$ patient, the potential cemtri- 
' button of the infusitins of the ailture-acrtvat- 
«LT cells to tihe patient's response must also 
be considered. Perhaps vivo T cell activy- 
dton so^hfihow. bypassed a differentiation block 
. dnac PEG-AUA alone was urtsble co relieve. 
. Despite the.Iow final percentage yene transfer 
. achievedi a 1 % level of ADA genc-corrected 
• cells could 'represent lO y to 10 10 ADA-ex- 
f.ptessing T cells distributed throughout the 
; body.thatcotild readily contribute to immune 
'iirjproyeinent; 

. ;:. Since die '"beginning of the trial, the dose 
. of PEG-ADA enzyme given to each of our 

patients has been decreased by more rhan half 
\ (patient 1, 14 UWweek; patient 2, 10 U/kg/ 
. Vteek), during which rime their immune funo- 

■ fton has improved. By contrast, worsened im- 
.mime '.function has been seen in other ADA " 

■ SQD patients when their dose of enzyme has 
: pecn similarly reduced (JO, 23). We do not 

, want to expose chese patients to the potcnrial 
tfek of recurrent immunodeficiency by com- 
pletely stopping PEG-ADA enzyme treatment 
: until' we have better infijrmation about the 

■ quality and duration of the immune improve- 
.imerit achieved by this first-generation gene 

' jcherapy trial The role of conrinucd exoge- 
nous enzyme treatment will be clarified here 
or in companion studies attempting stem cell 
.Jgene conectton W). 

The safety of retrovital-mcdiated gene 
[transfer has 3been a centr.il concern. At least 
;in the short and intermediate term, no 
jprohlems ha>e appeared in any clinical trial 
lusirig these .vectors. In the longer term, the 

.. >theor«ical ipoteniial for retroviral vectors 
•:to cause" i$sertiot\al mutagenesis remains 

*:tKe- primary, concern. To date, there has 
-;4 heeiLno indication that malignancy associ- 



ated with this process will be a complica- 
tion of retroviral-mediatcd gene ttarurfer. 

Our trial here has demonstrated ithc po 
tential sfTlciicy of usin^ gene -corrected au- 
tologous cells fur treatment of children with 
ADA' SCiD. Eleven chUdren with this 
disease have been enrolled in various gene 
therapy protocols, each using different strat- 
egics and retroviral vector designs and fo- 
cusing on different target cell populations. 
The experience gained from these ap- 
proaches should provide guidance for gene 
therapy as a treatment for this disorder as 
well as for a larger array of inherited and 
acquired diseases. 
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Physical Map and Organization of 
Arabldopsis thaliana Chromosome 4 

Renate Schmidt,* Joanne West, Karina Love, Zoe Lenehan, 
Clare Lister, Helen; Thompson, David Bouchez, Caroline Deanf 

A physical map of Ar&brdopsis thaliana chromosome 4 was constructed in yeast 
artificial chromosome clones and used to analyze the organization of the chromosome, 
Mapping of the nucleolar organizing region and the centromere integrated the physics}: 
and cytogenetic maps. Detailed comparison of physical with genetic distances showed; 
that the frequency of recombination varied substantially, with relative hot and cbrd 
spots occurring along the whole chromosome. Eight repeated DNA sequence families 
were found in a complex arrangement across the centromeric region and nowhere else 
on the chromosome. 
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A.rahidi)piis thaiiana has been adopted m a 
model organism for the analysis of complex 
plant processes by means of molecular genet- 
ic techniques (1 ), The increase in map-based 
cloning experiments makes the generation of 
a LOtnpletc physical map of the Artibidop&is 
genome a high priority. In addition, the 
availability of such a map would enable the 
organization of the chromosome to he stud- 
ied in more detail. Little is known about the 
organization of plane clwomosomes, but the 
general picture is that of chromosomes car- 
rying large numbers of dispersed [often ret- 
nitiansposons (2)] and tandemly repeated 
DNA sequences (3). The relativcry small 
(100 Mb) ArabidopsiS genome has a much 
smaller number of repeated DNA sequences 
rlian do most other plant species; its five 
chn>nio«r)ines contain ~10% highly repeti- 
tive and *-10% moderately repetitive DNA 
(4). The dispersion of most of these sequenc- 
es among the low-copy DNA is unknown. 

Wc discuss here a physical map, Which we 
have presented on the World Wide Web 
(WWW) at URL: htm://nasc.notc.ac.uk/IIC- 
concigs/JIC-contigs.html, d Arahidopsis chro- 
mosome 4, one of the two chwrnoscimes car- 
rying nucleolus organizing regions. The con- 
struction of this map allowed us to analyze the 
frequency of recombination along the whole 
chromosome, the integration of the physical 
with the cytogenetic map, the interspeniion 

R. Schmidt. J. West, K. Love, Z. Lenehan, C. Lister. H. 
Thompson, C. Dean, Department of Molecular Genetics. 
Bio technology and Biological Sciences Research Coun- 
cil. John Innea Centre, Colney, Norwich NR4 7UH, UK. 
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pattern of repeated and low-copy DNA se- 
quences over the whole chromosome, and the 
arrangement of repeated DNA sequences ovcr-^ 
the centromeric region. i • 

We generated the physical map hy hy- ■ . 
bridizing probes to four yeast artificial cbio- : . 
rrujsome (YAC) libraries (5), using colony:, 
■hybridization experiments (6). The probesi; 
consisted of 1 12 markcre genetically mapped; 
to chromosome 4, 20 previously unmapped^ 
genes, random genomic fragments and Sc-. 
quences flanking transposable elements, and : 
the 180-base pair (bp) repetitive clement: 
carried in pALl (7). Southern (DNA) blot! 
analysis of YAC clones confirmed the colony. . 
hybridization results and revealed common : . 
restriction fragments in the different YAC 
clones hybridizing to » given marker. This: 
demonstrated overlap between the insert* ofi 
the YAC clones. On the basis of these; . 
results, the YAC clones could be placed,: 
into 14 YAC contigs with a high degree of 
redundant YAC cover, ensuring an accu-'. 
rate map despite the presence of chimeric 
clones in the YAC libraries. : 

We generated YAC end fragments, using;; 
cither inverse polymerase chain reaction; 
(IPCR) or plasmid rescue (8), from YAC' 
clones lying near the ends of each of the K- 
contigs. The fragments were hybridized to 
Southern blots of YAC clones from adjacent? . 
contigs. In addition, YACs, as well as some of? 
the end fragments generated by IPCR, were, 
used to identify clones from a cosmid library 6fj: 
the Columbia ecotypc (9)> The cosmids were: 
then used as new markers on the YAC Ubrar- . 
ies. These experiments reduced the number 6i : ;* 
contigs to four. In all but two instances, thej; 
end fragments revealed that the contigs were*.; 
already overlapping. Experiments aimed at; . 
closing the last three gaps have been attempiV 
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■ as follows; 50 »j reactions contsined 0.1 jxg/ti] of 

■ ArsbWopsiS mRNA, 0.1 ng/pi of human AChR 
mRNA, 0.05 iig/u,! of oligo(aT} (21-mer), 1x first 

' . strand buffer, 0-03 U/yJ or ribonucteasc block, 500 
jlM cieoxy adenosine triphosphate (oATPi, 500 juVl 
deoxyguanosins triphosphate, 600 \>M dTTP. 40 

' >iM flaoxyuyiosins phosphate (dCTP), 40 |iM flu- 
oresceins 2-dCTP (or lisaarnine-S-dCTP), and 0.03 

• U/jjJ bf StrataScripl reverse transcriptase. Reactions 
weredneubated for 50 min at 37*C. precipitated with 

■ eti8^;andresuapefio^i^lOpJot1t(lomMtrts- 
HCl and i mM EDTA, pH 8,0). Samples were then 
heated for 3 min at 94X and chiFed on ice, The RNA 

• wsh degnjdexj by adding 0.25 |U of 10 N NaGH 
fallowed by a 10-min Incubation at 3?*C. The sam- 
ples were neutralized by addition of 2.5 fd of 1 M 
triS<3(pH 8.0) and 0.25 id of 10 N HGI and precip- 
(iatfld with Blhanol. Pellets were washed with 70% 

' - Gthariof, dried to completion in a speedvac, r&sus- 

• pW^lni0^lolHp,aKirec^ceoto3.0iaina 
apeedvac. Fluorescent nucleotide analogs were ob- 
tained from New England Nuclear (DuPont). 

6. Hybrttfzation reactions cunfeiined 1 .0 \i\ of fuorescent 
cDNA synthesis product (5) and 1 .0 nJ ot hybrtolzatton 
buffer ft ox saline sodium citrate (SSC) and 0.2% 
SDS], The 2.0-nl probe mixtures wera alqjoted onto 
the rnlcroarray surface and covered with cover sTps 
{12 mm round). Arrays wore transferred to a hybrid- 

• izzltoh chamber (3) and hcubated for 16 hours at 
' es'C. Arrays were washed lor 5 min at room temper- 
' ature{25*Q in low-atrlngancy wash buffer {1 X SSC 

and 0.1 % SDS). then for 1 0 min at room temperature 
in tteMWngency wash buffer (0.1 x SSC and 0.1% 
SDSfc Arrays were scanned h 0.1 x SSC with the use 
. '- of a ftuaescence laser-scanning device ®. 

7. Samples of poryW mRNA (4. 5) were spotted onto 
• ." nyton memtxanes (Mytrah) and crossUnked wtth ul- 
traviolet Eght wtth the use Of 8 StratElinkar 1800 
(StjEkagene). Probes were prepared by random 
ptimlng.wrth the use of a Prime-tt 11 kit (Stratagene) in 
•the presence of pPJdATP. Hybridizatjons wore car- 
. ried out accortfing to the instructions of me msnu- 
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fecturor. Quarrtitation was performed no a Phca- 
phortmagef (Molecular Dynamics). 
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Gene Therapy in Peripheral Blood 
Lymphocytesj and Bone Marrow f r 
ADA^ Immiinodeficient Patients 

Claudio Bordigpon,* LUigi D. Notarangelo, Nadia Nobili, 
Giuliana Ferrari, Giulia Casbrati, Paola Panina, Evelina Mazzolari, 
Daniela Maggioni., Claudia Rossi, Paolo Servida t 
Alberto G. Ugazio, Fulvio Mavilio 

Adenosine deaminase (ADA) deficiency results in severe combined immunodeficiency, 
the first genetic disorder treated by gene therapy. Two different retroviral vectors were 
used to transfer ex vivo the human /&A minigene into bone marrow cells and peripheral 
blood lymphocytes from two patients undergoing exogenous enzyme replacement ther- 
apy. After 2 years of treatment, long-term survival of T and B lymphocytes, marrow cells, 
and granulocytes expressing the transferred ADA gene was demonstrated and resulted 
in normalization of the immune repertoire and restoration of cellular and humoral immunity. 
After discontinuation of treatment, ij lymphocytes, derived from transduced peripheral 
blood lymphocytes, were progressively replaced by marrow-derived T cells in both pa- 
tients. These results Indicate successful gene transfer into long-lasting progenitor cells, 
producing a functional multilineage progeny. v* 



Severe combined immunodef'icieiicy: asso- 
ciated wiu\ inhericfed deficiency of ADA 

(1) is usually fatal unless affected children 
arc kept in protective isolation or thfe im- 
mune system is reconstituted by hone mar- 
row transplantation from a human leuko- 
cyte antigen (HLAHdentical sibling donor 

(2) - This is the therapy of choice, although 
it is available only for a minority of patients. 
In recent years, other forms of therapyjhave 
been developed, including transplants; from 
haploidenticat donors (3,4), exogenous en- 
zyme replacement (5), and somatib-cell 
gene therapy (6-9). : 

We previously reported a preclinical -mod- 
el in which ADA gene trarwfer and expression 

C. Bordfenon. N. Nobfll, G- Ferrari, p. Maggioni, C: Rosa, 
P. Sennda. F. Mavifa. Telethon Gere Therapy Program 
for GenatiC Diseases, DIBIT. Istituto Scientjfico H. S. Rar- 
faele, Milan, ttaty. i 
L D. Notarangekj, E. MwoW, * O- Ugazio. Depart- 
ment of Pediatrics, University of Brescia Medical School, 
Bftt&cia, Italy. ' 
Q, Casoratt, Unitadi imrrwnccnimica, OiBIT, istmho Sd- 
enttfeo H. S. Raffaete, Mfen, Italy, 
P. Panjia. RochsMleno Blcefche, Miign. Itely. j 
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successfully restored immune functions in hu- 
man ADA-deftcient (ADA") peripheral 
blood lymphocytes (PBLs) in immunodefi- 
cient mice in vivo (10, I J). On the basis of 
these preclinical results, the clinical applica- 
tif)n of gene therapy for the treatment of 
ADA" SC1D (severe combined immunodefi- 
ciency disease) patients who previously railed 
exogenous enzyme replacement therapy was 
approved by our Institutional Ethical Com- 
mircees jmd by the Italian National Ownmit- 
tcc for Btocthics {12), In addition to evaluat- 
ing the safety and efficacy of the gene therapy 
procedure, the aim of the study was to define 
the relative role of PBLs and hematopoietic 
stem cells in the long-term reconsdtution of 
immune functions after retmviral vector-me- 
diated ADA gene transfer. For this purpose 
rwo structurally identical vectors expressing 
the human ADA complementary DNA 
(cDNA), distinguishable by the presence of 
alternative restriction sites in » nonfunctional ■ 
region of the viral long-terminal repeat 
(LTR), were used to transduce PBU and bone 
marrow (BM) cells independently. This p«* 
cedure allowed identification of the origin of , 
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- tdlir arid their progeny, after gene transfer. 

this combined therapy and narking 
.strategy, allowed us to investigate directly in 
'humans sonic of the basic questions related 
to the potential of retroviral veeron* for 
.gene therapy in cells of the hemato-Iynv 

• :phopoietic' lineages. Although gene transfer 
into.Kurnaii'hematopoietic progenitors (13, 
peripheral blood stem cells (15), and 
: PBLs {16-18) has been extensively demon- 
strated in virro, the potential for long-term 
.survival in vivo after the manipulations re- 
.quired for rerroviral vector gene transfer 
remains to ibe proven- In addition, this 
study allowed us to study the feasibility of 
gene transfer into hematopoietic stem and 
progenitor cells, and the potential for long- 
term persistence of differentiated cells in a 
context different from high-dose chemo- 
therapy and? BM transplantation (J9-2/). 
In this system, however, the positive selec- 
tion -may represent an absolute requirement 
"fc*:favonttg the appearance of vectOT-rrans- 

■-puced ceils-: 

.'I In. ADA" patients, failure of die im- 
■' : mune system to develop is due to the sen- 
sitivity of lymphocytes or their precursors to 
. the toxic. effects of accumulated ADA sub- 
strates (22).. Because it is possible to reduce 
'the levels of toxic metabolites in ADA 
icells by" providing exogenous ADA (23), a 
"nonselective form of ADA replacement 
4that is, crar^fusion of irrauwtd red cells 
from normal individuals) has been used to 
-..treat ADA" patients (24). An improved 
■form. of treatment was developed by cova- 
Itrit ' attachment, of polyethylene glycol 
•(PEG), to the purified bovine enzyme (23, 
25.). PEGilarion appears to block access of 
. degrada^vc Vnzyn\wi, antibodies, ami anti- 
gen-presenting cells to die protein surface, 
■thereby iVihibking clearance from the cir- 
"^ciilation (26-28) and prolonging ADA 
Yprasrcm:rial£jlife from a few minutes to 24 
Tipori* (23). The main biochemical conse- 
quences of ADA deficiency are almost com- 
pletely reversed by PEG-ADA trtannent 
. [IB) i i resulting in an increase in circulating 
. : T lymphocytes and improvement of cellular 
, .immune rtrnct (23, 29). 

In our study, treatment in two patients 
.JOB., patient l; A.R., patient 2 (30); both 
about 2 years of age] was initiated with 
•weekly intramuscular injections trf increas- 
. : ;ing doses of PEG-ADA (20 and 30 U per 
'/Mogram of body weight) until plasma 
^ADA activity could be maintained at least 
•.in the normal range of total blood activity. 
•:Thc range of ADA activity was stable be- 
, 'tween 20 and 40 ixmolhour" 1 ml"'. Before 
s -initiafibn of treatment, both patterns had 
\ nearly undetectable intracellular ADA ac- 
tivity/ and lymphor^nte was observed in 
."'Jxjth patients. Approximately 50% of blood 
' moripnudear cells reacted with monoclonal 
aritibodies to T cell surface antigens, and 



their proliferative response to mitogens 
ranged from virtually undetectable to 10% 
of normal controls. Both patients showed 
some response in mixed lymphocyte cuU 
ruTt, although they produced no specific 
antibody and showed no antigen-restricted 
T cell response. Residual immune functions 
were prohahly due to previous irradiated red 
cell transfusions. During the first year of 
PEC-ADA treatment, lymphocyte counts 
. and proliferative responses to phytohemag- 
glutinin (PHA) normalized. 

Immunological reconstitution . resulted 
in increased isohemo agglutinin titer and in 
cellular and antibody responses ta vaccina^ 
rion with ceranus toxoid ( TT) (31). Asso-: 
ciated with reconstitution of immune funoi 
tions was the complete reversion of all clin- 
ical signs of immunixleficiency. However; 
as reported elsewhere (29), the initial re- 
constitution in this case was limited by the; 
failure to maintain FBL counts and, more 
markedly, antigen-specific and n<mspecifa: 
proliferative responses. At that point, the 
two patients met the conditions that define; 
PEG-ADA treatment failure, as reported in 
our approved clinical protocol (12). Failure! 
of treatment was defined by an extensive 
number of laboratory parameters and immu-i 
nological assays 02). In both patients, fail-; 
ure of treatment was observed in the ab- 
sence of any acute illness or open infection; 
episodes and was confirmed in three sepa-i 
rate determinations. Waiting for purentiaS 
recurrence of clinical symptoms such in-; 
fectious episodes, or. failure of thriving, was; 
considered to be inappropriate. ' 

Early development of T cells obtained 
during PEG-ADA treatment was crucial to! 
the implementation of the gene therapy, 
protocol Administration of PEG-ADA 
continued throughout the study rjcriod* al- 
though at decreasing amounts. Therefore,; 
rhe relative role of gene-corrected cells aruf . 
PEG- ADA treatment remains to be com-i 
pletely defined, an issue that will be ad-; 
dressed during the continuation of this 
study. 

The aim of our study was to evaluate the 
safety and efficacy of the retroviral vector- 
mediated gene transfer procedure and toj 
define the relarive role of PBLs and BMs 
stem and progenitor cells as effectors 06 
long-term reconstitution of immune func^ 
tions after gene transfer. For this purpose, 
we constructed two different retroviral vec-j 
tors, DCAt and DCAm, expressing the hu- 
man ADA cDNA under the control of id 
own promoter, which were used to infecrj 
PBU jHid BM cells, respectively : (Fig- 1)j 
Both vectors arc based on the double-copy; 
(DC) design (32) and are structurally iden-| 
tical except for the presence of alternative 
restriction sites (Mlu 1 in DCAJ and Bss Hl{ 
in DCAm) in a nonfunctional region of the' 
viral LTR (33). This feature allowed un-j 
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equivocal tracing of the origin (BM or PBL) 
of the transduced cell progeny in the circu- 
lation by a simple polymerase chain reac- 
tion (PCR) analysis on genomic DNA (34). 
Both vectors were packaged in the ampho- 
troptc GP+env Aml2 cell line (33). PBLs 
and T cell-depleted BM cells were trans- 
duced ex vivo either by multiple exposure 
to cell-free viral supernatant t>r by coculture 
with irradiated packaging cells (35, 36*). 
Gene transfer efficiency increased from 1 to 
2.5% up to 40% in total PBLs, with the 
introduction in the procedure of a new 
packaging line and of cocultivation. Gene 
transfer efficiency into CFU-GM and 
BFU-E hematopoietic progenitors averaged 
30 to 40%, as described (37). These fre- 
quencies were estimated hy cloning in liov 
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tCA/ p3ACGCGTG- 
1 Mlu l 



DCAm 



L GACGCGCGCGTG 



Mil 2 



DCA/ 




Cm/ C m i C m t 
Fig. 1, (A) Structure Of the DCA/ (lymphocytes) 
end DCAm (marrow) provtruses- A human ADA 
rninigene {promoter + full-length cDNA) was in- 
serted into trie LTR U3 region of a Moloney murine 
leukemia virus- derived retroviral vector (OCA) (32, 
33). For construction of two vectors that could bo 
distinguished from each other after integration 
into the target cell genome, the unique Mlu I re- 
striction site present in a functionally irrelevant re- 
gion Of the LTR in DCA/ was converted into a Bss 
HII site In DCAm (enlarged map). The hatched 
boxes indicate the location of the PCR primers 
used to detect vector DNA in target cells and for 
vector Identlficatioa (B) PCR identification of the 
vector integrated into the lymphocytes of patient 1 
3 months after initial administration of DCAArrans- 
cajced PBLs and DCAm-transduced BM cells, 
showing the PBL origin of the transduced circu- 
lating lymphocytes. C, control (uncut PCR prod- 
uct); m, meirrow-speclflc Bss HII cut present in 
□CM) -transduced ceils; /, lymphocyte-specific 
MkJ I cut present In DCA^transduood cells. PCR 
amplification of DNA obtained from rhe DCA/ and 
DCAm packaging ceil lines (Ami 2) Is shown as a 
control. 
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king, dilution (28) and semi-solid colony* 
forming assays (39), respectively, in the 
presence nr absence of G418 and are the 
result of the steady improvement in both 
celt-free infection and coculuvwtion that 
we have produced in recent years (10, 11, 
.18, 37). In particular, our goal has been to 
increase gene transfer frequency white 
maintaining phenotype, immune repertoire, 
and in vivo potential for proliferation, dif- 
ferentiation, and survival. For this purpose, 
short ; cultivation, time under conditio^ of 
■low iuiterleijlfin-2 (1L-2) concentration 
were developed for the activation and in- 
fection 'of PBLs (35), while BM cells were 
maintained in a long-term culture system 
over ''adherent layers without addition of 
exogenous growth factors, and were infect- 
ed during the t"\n>t 3 days of culcun (36). 
This system produces minimal loss of differ- 
entiation capacity and potential for in vivo 
hematopoietic reconstitutton (40). No 
G418 1 selection was applied to infected 
PBLs or BM cells before reinfusion- Trans- 
: duction efficiency and production of the 
vcttot-decLved AOr\ in infected c*Us was 
determined by PCR and thin-layer chroma- 
tography (TLC), rttfpectivcly (41). 

In . vivo administration of genetically 
modified cells began in March 1992 for 
patierit 1 and July 1993 for patient 2. Fa- 
.- tient 1 received 7-24 X 10 s DCAkcans- 
- duced:lymphcicvt« and 0.35 X 10 fl DCAm- 
tfansduced progenitor cells in nine injec- 

• tibrts ednuntstered intravenously (i.v.) over 
a period of 24 months. Patient 2 received a 
slightly smaller number of cells in five in- 
jections, over 10 months. 

We began monitoring the persistence of 
vector-ttfttwiiyccd cells at monthly (or bi- 
monthly) intervals from the first infusion- 
■ Analyses were perfonrred both on bulk pop- 
..ufatioris of celk of different origin, for the 

• indication cif origin of transduced cells, and 

• oin clonal assays for quantitation of trans- 
duced BM and PBLs. Six months after the 
beginning of treatment, long-term survival 
of transduced cells was demonstrated in horh 
patients. by the presence of vector-derived 
sequences in ths DNA extracted from pe- 
ripheral blood mononuclear cells, total BM 
cells, mature granulocytes (Pig. 2 A), individ- 
ual T lymphocyte clones (Fig. 3), and BM 
progenitors <BFU-E, CFU-GU, and CRJ- 
GEMM) in clonal culture (41). ADA pro- 
duction at levels substantially greater than 
observed in untransduced ADA" controls 
was observed in PBLs, BM, and granulocytes 
(Eig. 2C). The proportion of genetically 
modified cells in BM and circulating blood 
was. monitored throughout the study by BM 
and T cell clonal assay in the presence of 
G418i:and indirectly from the amount of 
ADA activity in total cell populations from 
BM and peripheral blood- In both patients, 
this proportion ranged between 5 and 30% 
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of clonable BM progenitors and between 0.8 
and 8,5% in PBLs. Total ADA activity 
ranged between 5 and 18% of normal values 
in both patients' nucleated cells : in the 
Wood- Sixteen months after (3 is continuation 
of treatment. ADA activity in total circulat- 
ing nuclcatcd.celb was 126 nmol hour -1 per 
milligram of prorein in patient I fcnd 77 
nmol hour"*' peT milligram of protein in 
patient 2 (internal normal control 1157 
nmol hour -1 per milligram of protein; for 
method see legend to Fag. 2). At thb same 
time, in patient 1, the frequency of trans- 
duced G41fl-resistant T cell was 4-76% and 



that of clonable BM progenitors was 25%^M ' > . 
in patient 2 these frequencies were 2.0fS: I 
and 17%, respectively. During this periorjB^f 
in patient 1 , and more recently in parienrJH f 
2, ADA activity became reproducibly de-9 " 
tectable also in circulating erythrocytes^' | 
(Fig, 2C). Vector-derived ADA activity ' 
individual T cell clones was comparablelH \ 
to, or higher than, that of normal control »- 
(legend to Fig. 2C), as observed in T cellsjB j 
that survived in vivo selection in the hmiiarilj ! 
FBLSQD mouse preclinical model ; 
11). ADA activity in Neo-resistant BM coI-JB- i 
antes also averaged numval levels (4i).j» ') 
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F19. 2. Persistence of 
transduced hematopoi- 
etic ceffs in vivo and anal- 
ysts ot their origin. During 
3 years after initiation of 
the gene therapy trial, 
persistence of trans- 
duced P8U and BM 
ceVis, and expression of 
vector-dorfved ADA ac- 
tivity weft) documented 
at regular intervals, (A) 
Detection of transduced 
cete by PCR as^atySte Iot 
the Neon gene was con- 
sistent throughoul ' the 
follow-up of patient 1 in 
PBLs (L), BM cells (M), 
and circuiting granulo- 
cytes (GJ. + and PCR .positive and negative controls, respectively. (B) Analysis of th9 tdontrty of -the 
integrated vector showed that .vector-positive lymphocytes ware Initially all derived from long-lived 
transduced PBLs, as demonstrated by the presence of the DCA/ -specific PCR pattern {7 and 19 
months), whereas BM and granulocytes showed the DCArn- specific pattern (21, 29, and 35 months). 
Three years after Initiation and 1 year after discontinuation of treatment, DCAm-6pecrtc signals started to 
appear in the DNA extracted from PBLs, indicating progressive conversion of the circulating, genetically 
modified lymphocyte pool from a predominantly PBL-dertved to a BM progenitor-derived population (35 
montri©). This observation/was further cortfermed by the analysis of Neo-resistant. rjertpneral Wood T ceil 
clones (Fig, 3). (C) In parallel, vector-derived ADA activity was rnonttored by TLC in total PBLs fL) and BM 
cells (M) of patient 1 . G, granulocytes; R, rejd bleed cefe. Two positive controls are provided: ADA activity 
(mean ± SE) from a pool of normal IndMduelS (6). and ADA activity from a polyclonal PBL line from the 
same patient transduced in vitro and setecJed In G41 5 /». Lysates were prepared from 1x10° cells in 
10 vi ot CGUB Mter by cyctes of Iraszs and ttew. ADA enzyma activity vjss analysed toy the 
l4 C-adenosine to "C-hoeine conversion assay followed by TLC (37), Cell lysates from Individual clones 
(-2x10° cells) were normalised for protein content by the BIO-RAD protein assay (Bio-Rad Laboratories 
GmbH, Munich, Germany). Positive and negative controls were, respectively, lysates from normal PBLs 
and uninfected, IL-2-stimuIated ADA" PBLs. because IL-2 stimulation (s reported to increase the 
efficiency of ADAexpression in ADA" oelte ®T\. TLC plates were exposed for 3 days ir\ a Phoaphortmager 
(Molecular Dynamics, Sunnyvale, California). Ratio of adenosine conversion Is expressed as nmol hour" 
mg \ : 



Am 12 



DCA/ DCA/n 



Fifl. 3- Origin of T cell 
clones obtained from the 
peripheral blood of patient 
1 (top)' and patient 2 (bot- 
tom) 1 year after rJscon- 
tirwatlon x>\ treatment 
Clonable T cells contain- 
ing the DCA/ vector di- 
minished markedly (patient 1) or became nearly 
undetectable (patient 2), and were -replaced! °y 
BM-dsrWed T oete, marked by the presence at 
the DCA/n vector.' Numbers indicate representa- 
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tive individual donas. PCR amplification of DNA 
obtained from me DC/v and OOfim packaging ceil toas (Ami2) is shown as a contro). 
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Srxmtanepiis revcrtants (ADA-positive, 
vdctpr-negative) were not observed in ei- 
■'"thet peripheral blood or BM. 

. Initially, the analysis of the retroviral 
vector amplified from the DNA of circulat- 
ji\g- lymphocytes indicated that genetically 
modified -cells were derived from a pool of* 
long-lived FBI-* originally transduced with 
.the DCAI vector (Fig. IB). This finding was 
consistent throughout the period of admin- 
istration of transduced PBLs and BM cells 
(fig. 2B, at 7 and 19 months, for example), 
whereas total BM cells (Fig. 2B, at 21 and 
35 months, for example) and circulating 
granulocytes (Fig. 2B, at 29 months, for 
■. example) always showed the DCAm-spccif- 
ic rtsrriGtion pattern or marrow-derived 
cells. However, about 1 year after discon- 
tinuation of gene therapy, both PBL- and 
BMrderived lymphocytes were detectable in 
the circulation (Fig. 2B, at 35 months). At 
that tim^ Neo-resistant, clonablc T cells 
containing the PBL-specific DCAi vector 
sharply decreased (Fig. 3, patient 1) or be- 

v-Suiy unMC-^Cwtci^iC *g. .y, paLutLit <~ / situ 

were progressively replaced in the circula- 
tion by T cells containing the BM-speciftc, 
DCAm vector. To confirm this important 
finding, we evaluated two additional time 
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points, subsequent to the data in Figs. 2 and 
3 f on bulk populations and on T lympho- 
cyte clones. Thirty*cighc clones from pa- 
tient 1 wen; analyzed for their origin; : 26 
were derived from marrow, 6 could not. be 
unequivocally determined, and 9 contained 
the DCAi vector. Similarly, of 49 clones 
obtained from patient 2, 6 could notjbe 
clearly determined, 6 contained the DCAI 
vector, and all others were derived from 
marrow. 

These results show that short-term im- 
mune reconiiritution was sustained in the 
two patients by a population of peripheral 
blootl- derived, ADA-producing lympho- 
cytes with a life-span in the- circulation 
ranging between 6 and 12 months. Wc have 
previously shown that this population con- 
tains both mature T cells and immature, or 
naive, precursors {11, 18). Conversely, 
long-term reconstitution resulted almost 
exclusively from transduced, BM-derived 
hematopoietic stem and progenitor cells ca- 
pable of generating multilineage progenies 

cytes, granulocytes, and (more recently) 
erythrocyr.es. 

A fundamental hypothesis underlying 
this study was the possibility that genctfcal- 



Fig. 4. Immune reconstl ■ 
. tujJon during the PEG- 
ADA and! gene therapy 
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phocyte counts are plot- 
ted against, age for the 
duration of the trial, Dos- 
■ es of PEG-ADA adminis- 
tered to -the patients are 
gtaoWv-ln;the upper pert 
of the graphs. The black 
boxes (GT) indicate the 
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ly corrected cells would benefit from a se- 
lective advantage over nonconected cells. 
Our experimental design has made it possi- 
ble to obtain data in support of this hypoth- 
esis. The first line of evidence comes from . 
the progressive appearance of marrow-de- 
rived PBLs, generated over time from a 
relatively small number of genetically mod- 
ified precursors contained in the transduced 
rnarrow cell population (Figfi. 2 and 3). 
Additional evidence comes from the anal- 
ysis of the integrated retroviral vectors. In a 
recent comparative analysis of different 
vector constructs designed for gene transfer 
yf reporter genes, in human PBU, we dem- 
onstrated that the DC construct curries an 
inherent instability trwr results in loss of 
the gene inserted in the viral LTR (IS). 
Such instability could affect 50% of inte- 
grated provirusoi, depending on the size and 
nature of the inserted gene, In the present 
study, the analysis of over 200 T cell clones 
obtained at different times during the fol- 
low-up of the two patients showed no rear- 
miujcrfiei^t thiit might hnve eliminated the 
ADA gene, and consequently its expres- 
sion. Conversely, loss of the ADA gene, 
could be detected only in marrow-derived 
colonies and T cell clones that had been 
transduced and cultured in vitro, in the 
absence of any positive selection (41), 
These observations indicate that, in ADA" 
SOD patients, ADA-producing cells have 
a selective advantage over noncorrected . 
ADA ' cells, as previously suggested In the 
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Fig, S. immune reconstitution during the PEG- • 
ADA and gene therapy trial for patient 1 [top) and 
patient 2 (bottom), Tcell proliferative response to 
mitogenic stimulus Is presented as stimulation 
index (cpm of stimulated samples dMded by ■ 
cpm of unstimulated cells) and Is plotted against 
age of the patients. Shaded areas indicate the 
range of the stimulation index of normal Interna) 
controls. Response to TT followed e comparable 
Kinetics. Arrows Indicate Initiation of enzyme re- 
placement therapy (PEG-ADA) and administra-. 
tion of genetically modified cells (gene therapy). . 
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: Fig. & Devebpment of a 
normal 7 cell receptor 
repertoire aipafientl af- 
ter gjane therapy treat- 

• ment Different T cell re- 
ceptor Vp-chaln usage at 
Itie tiine of failure of the 
PEG-iftDA treatment (A), 
1 year after the begin- 
ning of gene therapy (B). 
and 1 year after discon- 
tinuation of transduced 
cell administration (C), as 

analysed by RT-PCR amplification with V p chain-specffic primers 




human PBL-SCID mouse preclinical model 

m in. 

■ Immune reconstitution induced by PEG- 
ADA treatment lasted for over 3 years in 
patient 1 and for a shorter period in patient 
2, despite administration of a 50% higher 
PEG-ADA dose in the latter (Figs}. 4 and 
fj). fniassocbrion with a progressive decline 
in PEL counts, the immune response de- 
creased markedly over a short period of time 
(Figs. -4 and 5 and Table 1). Administration 
of genetically modified cells rapidly restored 
immune functions in both patients, result- 
ing in. normalization of total lymphocyte 
counts (Fig. 4) and cellular and humoral 
responses, including sustained isohemoag- 
giutinin titer, antigen-specific antibody 
production, and mitogen- and antigen^spe- 
cific proliferation (Fig. 5 and Tabic 1). The 
T cell; receptor repertoire, analyzed by the 
V 6 chain usage, normalized progressively 
(Fig, 6). In patient 2, the overall response to 
gene therapy was similar to thar of patient 
It despite administration of a smaller num- 
ber of genetically modified PBLs and BM 
cells. There have been no serious infections 
in the. two patients throughout the PEO- 

. ADA treatment and after the beginning of 
gene therapy. The patients received no oth- 
er treatment, except for high-dose immuno- 

.globulins. administered intravenously and 
prophylactic antibiotic treatment, both of 
which v>ere discontinued after indications 
of full immunologic reconstitution. Before 
the beginning of the PEG-ADA treatment, 

.'the patients showed severe growth failure, 
hanging betow the fifth percentile for height 
and .weight. Enzyme replacement and gene 
therapy had a marked clinical impact, re- 
sulting : in normalization of height and 
weight. . Patient 2, who had a very limited 
initial; response to PEG- ADA, resumed nor- 
mal growth only after gene therapy. Serum 
chemistry values, blood counts, and urinal- 
ysis indicated no toxicity from PEC-ADA 
or ;genei therapy treatments. Monitoring of 

.rite two] patients for the presence of recom- 
binant helper virus was consistently nega- 
tive. 

•". The results of the long-term follow-up 
have two main implications: the selection of 



an optimal treatment for ADA - 5CID pa- 
tients and, more generally, the potential ap- 
plication of similar gene therapy approaches 
to the treatment of genetic and acquired dis- 
eases. Our study clearly indicates the feasibil- 
ity of direct BM cell gene therapy; however, in 
specific circimistances, genetically modified 
PBLs may provide a prompt supply of immune 
effector cells until development of BM-de- 
rived lymphocytes. If it is proven to be i effica- 
cious over time, this procedure could; repre- 
sent a less toxic alternative to unrelated or 
HLA- mis matched marrow transplants,. ;ln the 
prospective extension of these results to the 
design of other gene therapy cUnicall trials, 
gene transfer into hematopoietic progenitors 
can be achieved also in the .absence of the 
stress conditions associated with cytoreduc- 
tion and BM transplantation. However, in 
scesdy-stare hematopoiesia a considerable 
time lag may be required before appearance of 
genetically modified cells in the hlood. Under 
these conditions, the positive selection may 
represent an absolute requirement for favoring 
the appearance of vector-transduced cells. 
Such positive selection may be "naturally" 
present in orhcr genetic or acquired diseases 
[fur example, acquired immurxxieficiency syn- 
drome (AIDS)] or could be built into the 
vector as a drug-resistance gene. ; 
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;' becco's mjimum essential medium (DMEM) in the 
■■ " -1 prasence-of porybrone (8 |AgVrrfJ aa dascrtoed 
\ •; Ce&wete washed twice In phoaphatB-bufTorcd sa*ie 
- ',' (P6S), resuspended In fresh medxim. and cutrurerf for 
;■: 3 to A days. Transduced csBs w6r3 tested for the 
v preaance of helper wus aid cryopreserved until use. 
' -3$,- BM mbnonurtBar cefls wera obtained 33 a Ficd'J frt>c- 
; -ton and grown for 2 Id 3 days In complete DMEM at 
i. a density of 6*;X 10 s to 6 X 10* cefe/cm 2 (35). T eel! 
.:' depletion and, progenitor neH ennchmant w ob- 
■ tainad^desd^^,3^. Qerietrari-jfarW3ScanlBd 
•' '. out:by nrMlpte Infection cydss with cell-free, helper 
"■ virus-tasted vjraT supernatant; in the presence of 

" fl."ldng-term culture SyStam over adherent layers Wftt> 
v out sdcfftim of exogenous growth factors, and infent- 
v : erj during tha. first 3 days of culture. Trensdiiced caiia 
.' j ware tested for ttia prassncG of helper virus and cryo- 
' ,' 'preserved until use. At that time, the transduced ceils 
"." "I ■ ware*, washed- rasuspended in normal ssllne contain- 
} ing 4% humanElbumin, and relnfused Into the patient. 
" \3L C. BordSgnon^a/., Pnx, N&t. Acad. So. U.S.A $6. 

' PHA blasts orarttigon-speclrlo T cells were cloned by 
llrrffing. dlubpn, The netativa frequencies of trana- 



j ^The ■possibtttr.y of using gone transfer as h 
■:' ' ther&py .for human disease has greac appeal. 
.; ! Thc-decisibato enter clinical trials awaited 

'the development of safe and efficient tech- 
,' \ niques .of gene transfer and improved un- 

■'.derstanding of the basic pathology and bi- 
l- .plogy underlying likely candidate diseases 
■ . .(tad target cells. The advent of useful rctro- 

■ viral vectors., that permitted relatively high 
.r'l'i efficiency gene transfer and stable Integra - 

' tion was" a critical advance {1,2), as was the 
' tfemoiisrratiQn that this procedure of gene 

\. ctansifer could be effectively and safely used 
; m humans (3). 

'-.v; v ' Severe combined immunodeficiency 
(V/jsecondary to.' a genetic defect in the purine 
i^^catabplic -enzyme adenosine deaminfwe 
§V^ii^A1;SGJ|Dj is characterized hy defective 
and B" cell function and recurrent infce- 
>;:f<licra^oftcn involving opportunistic patho 
';S;^ru>' Large- amounts of deoxy adenosine, an 
l^KtjX^a&liatic, are present in these pa- 
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doses of Qa IB (0.7. 1 .0. 1 .5 mg/mO as described 
(37). In selected experiments, Individual G416-re- ' 
Slstant colonies were collected for analysis of vec- 
tor transduction and expression. 
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tients; deoxyadenosine is preferentially con- 
verted to the roxic compound dcoxyade-' 
iiosine triphosphate in T cells, disabling the ■ 
immune system (4). 

Because this disestfe is curable by alloge- 
neic bone marrow transplantation given 
without pnicransplahtation cytorcductive 
conditioning, it was initially assumed that: 
gene therapy should be directed at the bone; 
marrow stem cell. However, initial attempts; 
to use stem cell gene transfer in primatcsl 
resulted in only low-level, transient genc : 
expression, insufficient for clinical use. The: 
observation that the only donor cells de-i 
tected in some patients "cured" by »lloge-= 
neic bone marrow transplantation was their 5 
T cells-— the others, remaining ADA-defU; 
cicnt (5 )— raised the possibility that T cell-i 
directed gene therapy also might a useful 
treatment. 

The introduction of enzyme replace-; 
ment with ADA-containing erythrocytes' 
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(6) or with bovine ADA conjugated with 
polyethylene glycol (PEG-ADA) (7) has 
made this approach feasible. PEG -ADA h»A 
provided noncurative, life-saving treatment 
for ADA" SCID patients; with this treat* 
menc, most patient? have experienced 
weight g&m and decreased opportunistic in- 
fections. Full immune reconstimcion has 
been less regularly achieved with enzyme 
thcrnpy. T cell function as measured by in 
vitro mitogen responses improved in most 
patients, but fewer patients recovered con- 
sistent immune responses to specific anti- 
gens [for instance, as measured by normal 
delayed-type hypersensitivity (DTH) sjcin 
test reactivity] (8-10). Nearly all PEG- 
ADA-treated patients showed increased 
peripheral T cell counts, which provided a 
source of T cells for gene correction not 
available without enzyme therapy. Futther- 
moic, emyme treatment could be continued 
during the gene therapy trial so that the 
ethical dilemma of withholding or stopping 
3 life-saving therapy to test an unknown 
treatment could be avoided. 

The adenosine deaminase complemen- 
tary DNA (cDNA) (i/) is 1.5 kb »nd fits 
within a retroviral vector. With the use of 
an ADA-contalntng retroviral vector, 
ADA -deficient T cell lines were transduced 
to express normal Hmounts of ADA; this 
rendered rhem normally resistant to intox- 
ication and growth inhibition when chal- 
lenged with dcoxyadenosinc (12, 13). 
Next, studies in mice, rabbits, and nonhu- 
tnan primates using T cells modified with 
retroviral vectors showed normal cell sur- 
vival and Function after their reintroduc- 
tion into recipient animals (14). Finally, 
Bordignon and colleagues (15) showed that 
ADA gene-corrected T cells acquired a 
survival advantage compared with uncor- 
rected ADA*dcficient cells when trans- 
planted into immunodeftcicnt, but ADA- 
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T Gene Therapy for ADA 

SCiD: initial Trial Results After 4 Years 

R. Michael Blaese* Kenneth W. Culver, A. Dusty Miller, . 
CHarles S. Carter, Thomas Fleisher, Mario Clerici,t 
ijSene Shearer, Lauren Chang, Yawen Chiang, Paul Tolstoshev, 
i ' Jay J. Greenblatt, Steven A. Rosenberg, Harvey Klein, 
/ jMelvin Berger, Craig A. Mullen,* W. Jay Ramsey, Linda Muul, 
: Richard A. Morgan, W. French Anderson§ 

. ./.In 1990;. a clinical trial was started using retroviral-mediated transfer of the adenosine . 
1 ^cfearnlnase- (ADA) gene into the T cells of two children with severe combined immuno- : 
' /deRdency (ADA" SCID). The number of blood T cells normalized a&did many cellular and 
. Amoral iirmrjune responses. Gene treatment ended after 2 years, but integrated vector 
.aipd ADA gerie expression in T cells persisted. Although many components remain to be . 
. . r^rfected, it is concluded here that gene therapy can be a safe and effective addition to 
: : eieatment for some patients with this severe immunodeficiency disease. 



Successful Peripheral T-Lymph cyte-Directed Gene Transfer for a Patient With 
Severe Combined Immune Deficiency Caused by Adenosine Deaminase Deficiency 

By Masafumi Onodera, Tadashi Ariga, Nobuaki Kawamura, Ichiro Kobayashi, Makoto Ohtsu, Masafumi Yamada, 
Atsushi Tame, Hirofumi Furuta, Motohiko Okano, Shuzo Matsumoto, Hitoshi Kotani, Gerard J. McGarrity, 
R. Michael Blaese, and Yukio Sakiyama 



Ten patients with adenosine deaminase deficiency (ADA - ) 
have been enrolled in gene therapy clinical trials since the 
first patient was treated in September 1990. We describe a 
Japanese ADA" severe combined immune deficiency (SCID) 
patient who has received periodic infusions of genetically 
modified autologous T lymphocytes transduced with the 
human ADA cDNA containing retroviral vector LASN. The 
percentage of peripheral blood lymphocytes carrying the 
transduced ADA gene has remained stable at 10% to 20% 
during the 12 months since the fourth infusion. ADA enzyme 

ADENOSINE DEAMINASE (EC3.5.4.4; ADA) is an en- 
zyme in the purine salvage pathway that is critical for the 
deami nation of adenosine and deoxy adenosine and consequent 
formation of inosine and deoxyinosine, respectively. The defi- 
ciency of ADA impairs the function of the human immune 
system resulting in severe combined immunodeficiency (SCID) 
characterized by severe T lymphocyte dysfunction and agamma- 
globulinemia. 1 ' 3 The clinical course of inherited ADA defi- 
ciency (ADA - ) ranges from the rapidly fatal, early onset of 
classical ADA~SCID to the minimally dysfunctional immune 
system of patients presenting "partial" ADA deficiency. 4 - 5 A 
recent review classified ADA deficiency into four types as 
determined by the age at clinical onset and suggested that these 
variants are the result of different, specific mutations resulting 
in various severities of enzyme dysfunction. 6 

Although the current treatment of choice for ADA" SCID is 
an HLA-matched bone marrow transplant, 7 less than one third 
of patients have access to an appropriate donor. An alternative is 
enzyme replacement using polyethene glycol-modified bovine 
ADA (PEG-ADA). This represents a life saving, but costly, 
therapeutic option for the patients that do not have an HLA- 
matched donor. 8 - 9 Although enzyme replacement with PEG- 
ADA partially reconstitutes the immune function of most 
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activity in the patient's circulating T cells, which was only 
marginally detected before gene transfer, increased to levels 
comparable to those of a heterozygous carrier individual and 
was associated with increased T- lymphocyte counts and 
improvement of the patient's immune function. The results 
obtained in this trial are in agreement with previously 
published observations and support the usefulness of T 
lymphocyte-directed gene transfer in the treatment of 
ADA" SCID. 

© 1998 by The American Society of Hematology. 

patients with ADA "SCID, a few patients have been unrespon- 
sive to PEG- ADA. 

The determination of the complete sequence of both the ADA 
cDNA 10-12 and the genomic ADA structural gene 13 has facili- 
tated the molecular analysis of ADA" patients and permitted 
identification of various genetic mutations in unrelated ADA" 
patients. Early identification of the mutant gene led ADA'SCID 
to become the first disorder to be treated by gene therapy. Two 
ADA~SCID patients who had manifested differing levels of 
severity of persistent immunodeficiency despite continuous 
treatment with PEG- ADA thus were enrolled in 1990. 14 Since 
then, 10 patients with ADA~SCID have undergone gene 
therapy as recently described. 14 -' 7 The strategies adopted in 
these trials have differed and the efficacy of treatment has 
varied. 

We report the molecular analysis of the genetic defect in an 
ADA~SCID patient enrolled in the first gene therapy protocol 
in Japan and analyze the clinical results obtained during the first 
18 months of this clinical trial. 

MATERIALS AND METHODS 

Cell culture. B-lymphoblastoid cell lines (B-LCL) were estab- 
lished from our ADA "SCID patient, his parents and a healthy volunteer 
by Epstein-Bar Virus (EBV) transformation. B-LCL were maintained in 
RPMM640 medium (GIBCO-BRL, Grand Island, NY) with 10% fetal 
calf serum (FCS; GIBCO-BRL) and 50 mmol/L B-mercaptoethanol 
(Sigma Chemical Co, St Louis, MO). 

Sequence analysis of patient's ADA cDNA and genomic DNA. For 
the analysis of the ADA cDNA sequence, total cellular RNA was 
isolated from B-LCL using TRIZOL Reagent (GIBCO-BRL). First- 
strand cDNA was synthesized from 2 ug of total cellular RNA (First 
strand synthesis kit; Promega, Madison, WI). Full-length ADA cDNA 
fragments extending from the translation start site codon to 230 base 
pair (bp) 3' of the stop codon were amplified by reverse transcriptase- 
polymerase chain reaction (RT-PCR). Oligonucleotide primers for 
RT-PCR were as follows: sense primer; CCATGGCCCAGACGCCC- 
GCCTT, antisense primer; ACCATAGCCC ATGTGCAAGGGC . Reac- 
tions containing 0.5 jiL (2.5 U) Taq polymerase (TaKaRa Ex Taq. 
TaKaRa Shuzo Co, Ltd, Tokyo, Japan) were incubated for 30 cycles of 
60 seconds at 92°C, 90 seconds at 58°C, and 180 seconds at 72°C with 
the extension time at 72°C increased to 10 minutes in the last cycle. 
Amplified products were isolated from 1.0% agarose gel and then 
subcloned into pCR II vector (Invitrogen, San Diego, CA). Sequence 
analysis of double-stranded DNA was performed using Sequenase 
version II DNA sequencing kit (Amersham Life Science, Arlington 
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Heights, IL) with [ 35 S]dATP (Amersham Life Science) and a series of 
ADA-specific primers. Amplified products were sequenced through a 
6% acrylamide gel (National Diagnostics, Atlanta, GA). To analyze the 
ADA genomic sequence, high molecular DNA was obtained from 
B-LCL by standard techniques. 18 Primers and PCR conditions for 
amplification of ADA all exons have also been described previ- 
ously. IWI Amplified products were isolated from agarose gel and 
sequenced directly using the Thermal Cycler DNA sequencing kit 
(Circum Vent; New England Biolabs Inc, Beverly, MA). ADA cDNA 
sequences are numbered relative to the start site of translation and 
genomic DNA according to Wiginton et al. 13 

Southern blot analysis. High molecular weight DNA from B-LCL 
was digested with restriction endonuclease Rsa I, separated in 1.0% 
agarose gel, and transferred onto a nylon membrane (Biotrace HP; 
Gelman Sciences, Ann Arbor, MI). Filters were then hybridized to a 32 P 
randomly labeled 444-bp Rsa l-Pst I fragment from the ADA cDNA. 

Retroviral-mediated gene transfer into patients peripheral T cells. 
The clinical protocol used here has been described elsewhere. 22 Briefly, 
peripheral T lymphocytes from the patient were obtained by apheresis 
(CS3000 plus, Baxter Corp, Chicago, IL), isolated by density gradient 
centrifugation, and then maintained in AIM-V medium (GIBCO-BRL) 
supplemented with 5% FCS (GIBCO-BRL), 100 U/mL of recombinant 
human IL-2 (rIL-2, SHIONOG1, Osaka, Japan) and 10 ng/mL of 
anti-CD3 antibody (Orthoclone OKT3 Injection; Ortho, Raritan, NJ) in 
gas-permeable culture bags (Ntpro Pretobag; Nishyo, Osaka, Japan). 
After 72 hours, half of the medium was removed and replaced with 
supernatant containing the LASN retroviral vector 23 supplemented with 
interleukin-2 (IL-2) and 10 ug/mL of protamine (Shimizu, Shimizu 
City, Japan). The LASN supernatant, prepared under Good Manufactur- 
ing Practices guidelines, was supplied by Genetic Therapy Inc (Gaithers- 
burg, MD). The transduction procedure was repeated twice following an 
optimized transduction protocol combining low-temperature (32°C) 
incubation and centrifugation. 24 After two rounds of transduction, the 
virus supernatant was replaced with fresh medium supplemented with 
IL-2 and the celts were cultured for an additional 6 days. At the 1 1th day 
of culture, the cells were harvested and washed extensively with saline 
containing 0.5% human albumin and then reinfused into the patient. 

Analysis of the inserted proviral genome by semi-quantitative PCR, 
Sense (GAGGCTGTGAAGAGCGGCAT) and anti-sense (CTC- 
GAAGTGCATGTTTTCCT) primers were designed to match the 
sequence of the start site of exon 7 and the end of exon 8, respectively. 
Using these primers, the amplification of DNA samples from vector- 
containing cells generates two bands; the larger one (250 bp) derived 
from the endogenous ADA gene containing intron 7 (76 bp) and the 
smaller one (174 bp) from the LASN provirus. To evaluate the 
frequency of transduced cells in the patient's peripheral blood, a 
standard curve was prepared from a serial dilution of in vitro-transduced 
and G418-selected B-LCL with untransduced cells. The ratio of the 
amount of amplified ADA cDN A derived from the integrated vector and 
the amplified genomic sequence was calculated after hybridization with 
an ADA cDNA probe. 

Thin-layer chromatography (TLC) analysis of ADA enzyme activity. 
Mononuclear cells were washed twice with phosphate-buffed saline to 
remove FCS and then suspended in 100 mmol/LTris, pH 7.4 containing 
1% bovine serum albumin. Cell lysates were obtained by 5 rapid 
freeze-thaw cycles. Cellular debris was removed by centrifugation and 
the lysates were stored at -80°C until used. ADA enzyme activity was 
assayed by the measurement of the conversion of [ 14 C] adenosine 
(Amersham Life Science) to [ l4 C] inosine and [ 14 C] hypoxanthine 
followed by TLC separation of the reaction products performed as 
previously described. 23 The results were expressed as nanomoles of 
inosine and hypoxanthine produced per min by 10 s cells (nmol/min/10 8 
cells). 



RESULTS 

Clinical course. The patient is a 5-year-old Japanese male. 
Symptoms including a chronic productive cough and a purulent 
nasal discharge began at 8 months of age. At 10 months he 
developed respiratory distress and was hospitalized for the 
treatment of severe pneumonia that was unresponsive to 
antibiotics. On admission at age 10 months, the patient had 
lymphopenia (absolute lymphocyte count 520/jiL), with few 
mature T and B lymphocytes (CD3, 125/uL; CD4, 62/uL; CD8, 
41/uL; CD19, 26/uL) and low serum Ig levels (IgG, 342 mg/dL; 
IgA, 18 mg/dL; and IgM, 60 mg/dL). Both humoral and cellular 
immunity were defective, with undetectable isohemagglutinins 
and absent T-cell proliferative responses to phytohemaggluti- 
nin, Concanavalin A, and pokeweed mitogen. Since ADA 
activity in his red blood cells (RBCs) was undetectable and the 
deoxyadenosine triphosphate (dATP) level was 506 nmol/mL 
RBCs (normal <2 nmol/mL), the diagnosis of SCID due to 
ADA deficiency of the "delayed onset" type 6 was established. 
In the absence of a suitable bone marrow donor, PEG-ADA 
therapy was initiated at 15 months of age and supplemented 
with intravenous Ig (IVIG). After treatment with PEG-ADA 
(37.5 TJ/kg/wk), the plasma ADA activity in the patient's 
peripheral blood increased from 0.14 to 53.15 umol/h/mL and 
the peripheral blood lymphocyte (PBL) count increased to the 
range of 1,000 to 2,000/uL. Despite continuous PEG- ADA 
treatment, however, his Ig levels remained below normal and 
the lymphopenia recurred during the second year of enzyme 
replacement. The PBL count decreased to less than 1,000/uL 
with CD3 + cell counts of 400/uL before the start of gene 
therapy (PBL, 702/uL; CD3, 400/uL; CD4, 205/uL; CD8, 
191/^JL; CD19, 57/uLon protocol day 0). 

Identification of mutations responsible for ADA deficiency. 
To analyze mutations in our patient, we amplified full-length 
ADA cDNA from the patient's EBV transformed B-LCL by 
RT-PCR. Sequence analysis revealed that all of the clones (6/6) 
carried a G 632 to A transition resulting in replacement of the 
arginine residue by histidine at codon 211 (Fig 1A). The 
mutation eliminates a recognition site for the restriction enzyme 
Rsa I. We took advantage of this feature to distinguish the 
mutated allele from the normal allele. 19 High molecular weight 
DNA extracted from the patient's B-LCL was digested with Rsa 
I, blotted and hybridized to an ADA cDNA probe spanning the 
region from this mutation site in exon 7 to the end of exon 11 
(Fig IB). Rsa I digestion showed both a normal (3.1 kb) and a 
larger fragment (4.4 kb) in the patient lane, indicating that the 
patient was heterozygous for loss of the Rsa I recognition site in 
exon 7. To determine the parental derivation, amplified genomic 
fragments spanning intron 6 to intron 9 of the patient and his 
parents were digested with Rsa I and electrophoresed in 2% 
agarose gel (Fig 1C). The patient's digestion pattern was 
identical to that obtained from the analysis of the father's DNA, 
indicating that this mutation was derived from the paternal 
allele. 

Northern blot analyses showed that the quantity of the ADA 
message from both the patient and his mother was reduced to 
approximately half of control (data not shown). All cDNA 
clones carried the paternal missense mutation, suggesting that 
the mutation derived from the maternal allele resulted in 
undetectable mRNA. To characterize this mutation, we ana- 
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Fig 1. Characterization of the paternal missense mutation. (A) Sequence (sense) 
of amplified cDNA subclones from a control (left) anti the patient (right). The position 
of the G«" — A transition is indicated by arrows next to the sequence ladder. (B) 
Identification of heterozygosity for the missense mutation. DNA samples from a 
control (lane 1) and the patient B-LCL (lane 2) were hybridized to a radiolabeled 
444-bp Rsa |-Pst I cONA probe extending from the mutation site to the end of exon 1 1 
after Rsa I digestion. The normal Rsa 1 sites are at base pair 27,276 in exon 6, 28,51 6 in 
exon 7, and 31,671 in intron 11, predicting a 3.154-kb band hybridized to the probe in 
normal control, while loss of Rsa I site in exon 7 results in a larger band (4.394 kb). (C) 
Determination of the paternal mutation. Amplified genomic fragments (739 bp) from 
intron 6 (base pair 28377) to intron 9 (base pair 29115) were digested with Rsa I and 
electrophoresed in 2.0% agarose gel, and stained with ethidium bromide. The 
fragment has one Rsa I recognition site at base pair 28,517 in exon 7, predicting 141- 
and 598-bp fragments. Loss of the Rsa I site by the mutation results in an undigested 
fragment. 



lyzed exons 1 to 1 1 by PCR amplification of genomic DNA and 
direct sequencing. Sequence analyses of the amplified frag- 
ments including exon 2 showed the patient to be heteroallelic 
for a splice site mutation at the first position of intron 2 
(G +l — A transversion) (Fig 2A). This mutation eliminates a 
recognition site for the restriction enzyme BspMl. BspMl 
digestion showed that the patient and his mother were heterozy- 
gous for this mutation, while the father showed a normal 
individual digestion pattern (Fig 2B). Reports of mutation 
analyses of other patients have shown that a mutation affecting a 
mRNA splicing mechanism may give rise to a nonfunctional or 
unstable mRNA. 26 - 27 This mechanism is also supported by the 
fact that Rsa I digestion showed that all full-length cDNA 
clones (48/48) from the patient's B-LCL carried the paternal 
G 632 to A missense mutation. 

Retroviral mediated gene transfer into peripheral T cells. 
At the age of 4, the patient was enrolled in a clinical gene 
therapy trial that repeated the protocol of the first gene therapy 
experiment at the National Institutes of Health (NIH) in 1990. 22 
The patient's peripheral mononuclear cells, obtained by apher- 
esis, were stimulated with IL-2 (100 U/mL) and anti-CD3 
antibody (OKT3; 10 ng/mL). After 72 hours of stimulation, they 
were transduced twice during the next 48 hours by exposure to 
the ADA retroviral vector LASN, expanded 20- to 50-fold in 
number by cul luring for 6 days after the beginning of transduc- 
tion, and then reinfused into the patient (see Materials and 
Methods). No selection procedure to enrich for gene-transduced 



cells was performed. Semiquantitative PCR of the cells in the 
first and second infusions revealed that the frequency of the 
vector-carrying cells ranged from 3% to 7% (data not shown). 

Clinical course after gene therapy. The patient received a 
total of 10 infusions over the 1 8-month period (Fig 3). A striking 
increase in lymphocyte number was observed early in the trial, 
followed by a gradual return to the basal level. This was 
followed by a sustained increase after the 8th infusion (protocol 
day 322) and the patient's PBL count has since remained in the 
normal range (PBL, 1,980/uL; CD3, 1,822/uL; CD4, 240/uL; 
CD8, 1,538/uL; CD 19, 154/uL on protocol day 429). Progres- 
sive inversion of CD4/CD8 ratio has been observed since the 
4th infusion due to an increase of the absolute CD8 + cell count. 
This phenomenon is thought to be the result of preferential 
proliferation of CD8 + cells during in vitro culture and transduc- 
tion. ADA enzyme activity, nearly undetectable in the patient's 
lymphocytes before gene therapy, also increased progressively 
after the 7th infusion (protocol day 252) and reached 27 U on 
protocol day 476, which is approximately comparable to that of 
a heterozygous carrier individual (the patient's mother, 34.8 U). 

The number of transduced cells in the patient's peripheral 
blood were assessed by semiquantitative PCR using PBL 
obtained before each infusion (Fig 4). The frequency of the 
genetically modified cells increased with the number of infu- 
sions of the ADA gene transduced lymphocytes and exceeded 
10% of total circulating mononuclear cells just before the 5th 
infusion (on protocol day 126; Fig 4, lane 4). The frequency 
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Fig 2. Identification of the maternal mutation at the splice donor 
site in intron 2. (A) Sequence (sense) of the exon 2/intron 2 junction in 
amplified genomic DNA. Genomic fragments containing exon 2 were 
amplified from a control (left) and the patient (right) and sequenced 
directly. A mutation at the splice donor site in intron 2 (G +t — A) is 
indicated by arrows. (B) Detection of the splice site mutation by the 
BspMl digestion. Amplified genomic fragments (690 bp) from intron 1 
(bp 14,901) to intron 2 (base pair 15.590) was digested with BspM\, 
electrophoresed in 2.0% agarose gel, and stained with ethidtum 
bromide. The fragment has two BspMl recognition sites at bp 15,282 
and 15,344, predicting 62-, 246-, and 382-bp fragments in the control 
lane. Loss of the BspMl site (base pair 15,282) by the mutation results 
in the undigested fragment (308 bp). Lane 1, control; lane 2, father; 
lane 3, mother; and lane 4, patient. BspMl digestion shows the 
patient and his mother were heterozygous for the splice site muta- 
tion. 



measured before each of the 6th through 10th infusions (on 
protocol days 210 to 462) has remained stable at 10% to 20%. 

To evaluate the functional consequences of the ADA enzyme 
activity that had been induced by gene transfer, we compared 
the patient's immune function before and after the treatment 
(Table 1). Eleven months after beginning gene therapy, the 
patient's isohemagglutinin titer (IgG) increased from undetect- 
able to 1:16 and delayed-type hypersensitivity (DTH) skin test 
responses became stronger. The interval between IVIG infu- 
sions which were given monthly before gene therapy, was 
widened and eventually stopped after gene therapy. Despite 
this, the patient's serum Ig levels gradually increased and have 



remained normal for more than a half year without additional 
IVIG treatment (Fig 3 and Table 1). These results suggest that 
the accumulated genetically corrected T lymphocytes in the 
patient's peripheral blood are associated with improvement of 
cellular and humoral immune responses and an increase in his 
circulating lymphocyte count. Although he sometimes became 
transiently febrile after infusions, the patient showed no serious 
adverse reactions to the treatments. 

DISCUSSION 

Advances in molecular biology during the past 3 decades 
have suggested that gene transfer could provide a new approach 
to the treatment of inherited diseases as well as acquired 
disorders such as cancer and acquired immune deficiency 
syndrome. 28 The number of active gene therapy protocols has 
increased greatly since the first clinical gene therapy trial. 29 
ADA~SCID is one of the few early candidate disorders suitable 
for such interventions. 30 Accordingly, 10 ADA'SCID patients 
have been enrolled in gene therapy clinical protocols that 
employed different strategies, retroviral vector designs, and 
target cell populations. The results obtained from these trials 
have recently been reported. 14 - 17 

This trial of gene therapy for an ADA~SCID patient in Japan 
began in August 1995. Over the next 18 months he received a 
total of 10 infusions of cultured-expanded autologous T cells 
that had been transduced with the LASN retroviral vector. After 
an initial period of fluctuating counts, the patient's T cells 
stabilized in the normal range and this has been sustained for the 
last half year. The frequency of integrated pro virus in the 
patient's peripheral blood increased to approximately 15% (0.1 
to 0.2 proviral copies/cell) by the 4th infusion and has remained 
stable since that time. The patient's cell associated adenosine 
deaminase enzyme activity has increased from barely detectable 
before treatment to values approaching those found in the 
peripheral mononuclear cells of his heterozygous carrier mother. 
Delayed hypersensitivity skin tests, a measure of T-cell func- 
tion, have improved. Isohemagglutinin titers have also in- 
creased and his dependence on infusions of normal gammaglobu- 
lin has eased. The patient has gained 3 kg in weight during this 
trial. He is still receiving periodic PEG- AD A replacement and is 
attending public school with no more infections than his 
classmates. 

The period of observation has simply not been sufficient to 
assess the full breadth or the duration of this improved clinical 
status and immune responsiveness. Further, additional studies 
will be required to reconcile the apparent dissociation between 
the level of T-cell ADA observed and the proportion of cells 
containing integrated vector at different time points. Also, the 
effect of withdrawal of the exogenous PEG-ADA treatment 
must await more complete characterization of the quality of the 
patient's immune system and the repertoire of specificities 
represented in the transduced T-cell population. 

Four gene therapy clinical trials including 10 ADA~SCID 
patients have been performed since the first trial in 1990. 
Although these trials provided much data that suggested how 
future gene therapy might be improved by changing retroviral 
vector design, transduction methods and target cell populations, 
we found it difficult to compare the efficacy of these various 
trials because of differences inherent within these basic strate- 



34 



ONODERA ET AL 




Protocol day 



Fig 3. Clinical course before 
and after gene therapy. Gene 
therapy started on August 1, 
1995 (protocol day 0) with the 
patient receiving a total of 10 
infusions to date. PEG-ADA 
therapy was initiated at 15 
months of age. The lymphocyte 
count is indicated by a solid line 
and CD4/CD8 ratio was mea- 
sured using PBL before infusion. 
ADA activity shown by a solid 
bar is expressed as nanomoles 
of inosine and hypoxanthine pro- 
duced per minute by 10 s cells. 
Replacement of IVIG after gene 
therapy is shown as an arrow. 
The patient received a Ig replace- 
ment (2.5 g) monthly before gene 
therapy. 



gies. Our trial has been performed following the identical 
protocol and vector preparations and autologous T lymphocyte 
isolation procedures that were used in the N1H trial. From this 
perspective, our trial provides an additional opportunity to 
evaluate the effectiveness of peripheral T lymphocyte-directed 
gene therapy for ADA-SCID patients. Interestingly, the clinical 
course of our patient is quite similar to that observed in patient 1 
in the NIH trial. Both trials have shown high gene transfer 
efficiency, remarkable increase of the ADA enzyme activity and 
eventual improvement of immune function. In contrast, patient 
2 in the NIH trial experienced a low gene transfer efficiency and 
no significant increase in the ADA enzyme activity even though 
she exhibited some increase in immunological function. Al- 
though the factors leading to this difference have not yet been 
completely identified, a striking difference in the transduction 
efficiency of peripheral T cells between the three patients may 
be relevant. Transduction efficiencies before infusion were 3% 
to 7% for the present case, 1% to 10% for patient 1 and 0. 1% to 
1% for patient 2 in the NIH trial. An abbreviated proliferative 
capacity of patient 2 in the NIH trial was also observed. In 
addition, a contribution of the development of an immune 
response to the neomycin resistance gene must be considered 
since the existence of dominant selectable markers of nonhu- 
man origin may result in unwanted immune reactivity that could 
eliminate or functionally impair transgene-expressing cells. 31 



The severity of the underlying ADA gene defects could also 
affect gene transfer. In addition to the mutation analysis 
reported here, specific ADA gene defects have also been 
reported for the two NIH patients. 20 These three cases can be 
classified by the severity of their clinical presentation. Both the 
present case and patient 1 in the NIH trial are of the "delayed 
onset" type, have splice site mutation defects and have achieved 
significant levels of "gene-corrected" circulating cells. How- 
ever, the NIH patient 2 carries compound missense mutations 
and has manifested low transduction efficiency despite her less 
severe "late onset" type of presentation at age 5. Although there 
are insufficient numbers of treated patients to draw firm 
conclusions at this point, it does appear thus far that the 
responses of patients with "more severe" gene defects and 
clinical presentations are at least as responsive as cases with 
"milder ADA defects." 

It should be noted that the ADA gene transduced T lympho- 
cytes possess a selective advantage over the nontransduced cells 
due to the latter 's high intracellular concentration of deoxyadeno- 
sine. 32 - 33 In the ADA" newborn trial using gene-corrected 
CD34+ cells obtained from the patient's umbilical cord blood, 16 
LASN vector was detected in the peripheral blood T cells of 
these patients at a stable frequency of approximately 0.01% 
during the first 18 months of observation. Then, after a 50% 
reduction in their weekly dose of PEG- AD A, the proportion of 



Standard Curve Patient 

i 1 i 1 

%LASN 100 50 20 10 5 2 1 0 1 2 3 4 5 6 7 

gemonic DNA - 
vector DNA - 

Ratio 0.70 0.65 0i54 0.32 0.24 0.17 0.10 0 0 0.12 0.15 0.42 0.40 0.43 0.42 



Fig 4. Semiquantitative PCR analysis to evaluate the frequency of vector-carrying celts in the patient's peripheral blood. Patient's 
mononuclear cells were obtained before the indicated infusion: before gene therapy (lane 1), 2nd infusion (protocol day [D] 21 -lane 2), 4th 
infusion (D 98-lane 3), 5th infusion (D 126-lane 4), 6th infusion (0 175-lane 5), 8th infusion (D 322-lane 6, and 10th infusion (D 462-lane 7), and 
assayed for the frequency of vector containing cells by semiquantitative PCR. A standard was prepared by diluting cells containing the LASN 
vector with nontransduced cells. The ratio was determined by comparing the density of the cDNA derived band to that of the genomic DNA 
derived band. 
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Table 1. Isohemagglutinin Titer, DTH Skin Test Reactivity, 
and Ig Levels Before and After Gene Therapy 







Before 


After 


Isohemagglutinin titer 


dgG) 


<2 


16 


DTH skin test (mm) 


PPD* 


8X7 


12 X 10 




Candida 


3X3 


18 x 9 




Tetanus 


N.D. 


6X5 


Igs 


IgG 


720 


811 




igA 


20 


53 




igM 


84 


128 



Isohemagglutinin titer and DTH skin tests were tested using stan- 
dard protocols before gene therapy (before) and at 11 months after 
the beginning of gene therapy (after) while on PEG-ADA. The patient 
serum Ig levels were measured just before the Ig replacement on 
protocol day -60 (before) and 478 (after). The patient received the last 
Ig replacement at protocol day 348. 

•The patient had been immunized with BCG at 5 months of age. 



ADA vector-containing T cells in the blood increased to 
approximately 1 0% in each case (D.B. Kohn, personal commu- 
nication, September 1995). In the present case, the dosage 
schedule of PEG- AD A enzyme has remained constant since the 
beginning of the trial (18 U/kg/wk on the protocol day 431), 
during which time the patient's immune function has substan- 
tially improved. It might be expected that the proportion of the 
transduced cells in the patient's PBL will increase as the 
PEG- AD A dosage is decreased. 

To date, three clinical trials have been performed to assess the 
possibility of treating ADA'SCID patients by correcting hema- 
topoietic progenitor cells. 15 ' 17 The results obtained from these 
trials suggest that cord blood provides a stem cell population 
more suitable for efficient retroviral-mediated gene transfer 
than does bone marrow. Taken with the observations made in 
the NIH trial, our results strongly suggest that the effectiveness 
of T lymphocyte-directed gene transfer is a viable addition to 
the treatment programs that should be considered for ADA~SCID 
patients. After additional courses of treatment and continued 
observation to determine the breadth and durability of these 
positive responses, we hope to reduce or eliminate exogenous 
ADA enzyme supplementation in this patient. Improvements in 
vector design to permit higher levels of ADA expression and 
innovative strategies that provide greater efficiency of stem cell 
gene transduction may make gene therapy the treatment of 
choice for ADA~SCID patients. 
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Successful ex vivo gene therapy 
directed to liver in a patient with 
familial hypercholesterolaemia 
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An ex vivo approach to gene therapy for familial hypercholesterolaemia (FH) has been 
developed in which the recipient is transplanted with autologous hepatocytes that are 
genetically corrected with recombinant retroviruses carrying the LDL receptor. We 
describe the treatment of a 29 year old woman with homozygous FH by ex vivo gene 
thsrapy directed to liver. She tolerated the procedures well and in sittj hybridization of 
liver tissue four months after therapy revealed evidence for engraftment of transgene 
expressing cells. The patient's LDL/HDL ratio declined from 10-13 before gene therapy 
to 5-8 following gene therapy, improvements which have remained stable for the 
duration of the treatment (18 months). This represents the first report of human gene 
therapy in which stable correction of a therapeutic endpoint has been achieved. 
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Familial hypercholesterolaemia (FH) has emerged as 
an important model for the development of human 
gene therapies'. This disorder; caused by inherited 
deficiency of LDL receptors, is associated with severe 
hypercholesterolaemia and premature coronary artery 
disease 1 . The homozygous form of FH is an excellent 
candid ate for early applications of gene therapy because 
it is a lethal disorder that is refractory to conventional 
therapies. Measurement of scrum lipid profile* 
provides a convergent and clinically relevant endpoint 
to evaluate response to therapy, and orthotopic liver 
transplantation has been shown to correct the 
underlying dysUpideraia indicating that hepatic 
reconstitution of LDL receptor expression is sufficient 
for metabolic correction". 

The original paradigm for liver-directed gene therapy 
was based on transplantation of autologous hepatocytes 
genetically modified vivowith rec ombinant retroviruses. 
The efficacy and safety of this approach for treatment of 
FH has been demonstrated in a variety of animal models. 
A strain of rabbits genetically deficient in LDL receptors, 
called the Wstanabe Heritable HyperUpidemic (WHHL) 
rabbit, was used to demonstrate the potential efficacy of 
cc vivo gene therapy. Analysis of recipient animals 
demonstrated stable engraftment of genetically modified 
hepatocytes and persistent reductions in serum cholesterol 
for the duration of the experiment — 6.5 months 4 . 
Expcn meats in larger animals including dogs and baboon* 
documented the feasibility and safety of ex vivo gene 
therapy directed to theliver^. f « stohybridization analysis 
of liver tissue from baboons harvested 1 .5 years after gene 
therapy demonstrated stable engraftment of transgene 
expressing hepatocytes, prc^dingt 
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efficacy of this therapy (unpublished data). 

Based on the encouraging results obtained in animal 
models, we proposed a clinical protocol to treat FH 
homozygous patients with ex vivo gene therapy. We 
received permission from the US Recombinant DNA 
Advisory Committee (RAC) and the US Food and Drug 
Adrninistration to treat three patients who had developed 
overt coronary artery disease and therefore would have a 
poor prognosis. Our experience with the first patient, 
described here, supports the efficacy and safety of liver- 
directed ex vivo gene therapy in humans. 

First recipient of ttver~<Urectad gene therapy 

The first clinical application of liver-directed gene therapy 
in humans used the ex. vivo approach in a patient with 
homozygous FH. Although wc were allowed to treat FH 
patients of any age, the RAC suggested that we enroll an 
adult as the initial patient to simplify the informed consent 
process. Patient f Hi underwent gene therapy on June 5, 
1992. This French Canadian woman, who at the time of 
gene therapy was 28 years old, had a myocardial mfarction 
at the age of 16 and required coronary artery bypass at the 
age of 26. Her dyslipidemia— which at baseline included a 
total scrum cholesterol coricentratianof545mgdr J ,LDLof 
482 mg dT 1 and HDL of 43 mg tit 1 — was refractory to 
treatment with a variety of drugs including HMG CoA 
reductase inhibitors and bi le acid binding resins. Genotype 
analysis indicated she was homozygous for a missense 
mutation (Trp66Gfy, exon 3) that renders the LDL receptor 
incapable of binding to its ligands 7 . Cardiac evaluation 
performed prior to gene therapy revealed failure of one of 
her grafts and' diffuse disease in her native coronary 
arteries, however, she was not overtly symptomatic 
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Ex vivo gene therapy to liver is feasble and safe 

The clinical protocol approved by the RAC has been 
published*; the general strategy i& summarized in Fig, 1. 
The left lateral segment of the patient's liver, comprising 
approximately t5% of its total mafia, was removed through 
a left subcostal incision. A 9.6 fir Hickman catheter was 
inserted into her inferior mesenteric vein, and the distal 



aliquots and each aliquot was manually infused at 4 h 
intervals directly into thecatheterover a30 minute period 
(a rate of -2 cc minr 1 ). During the cell infusions the 
patient was carefully monitored in the intensive care unit! 
her vital signs measured during this time are presented in 
Fig. 4. She tolerated the cell infusions well except for i 
transient tachycardia early in the day, thought to be 



end of the catheter was brought through her incision secondary to anxiety, and fevers that were present before 
thereby providing convenient access to the portal cell infusion which resolved subsequently, 
circulation for subsequent cell infusions. The resected One concern was the potential development of portal 
liver, weighing 250 g, was perfused 
with collagenase to release 
hepatocytes, 3.2 x 10' cells were 
recovered (98% viability) and seeded 
into 800 10 cm 3 plates. Medium 
containing the LDL receptor 
expressing recombinant retroviruses 
was placed onto the cultured 
hepatocytes 48 hours after the initial 
seeding. Followinga 12-18 h exposure 
to virus, the cells were analysed for 
LDL receptor expression and 
harvested for transplantation; 2x10 s 
viable cells were recovered from the 
plates by treatment with trypsin. 
Incubation of the transduced cells 
with fliiorescentlabefled LDL revealed 
uptake in approximately 20% of the 
cells exposed to the LDL receptor 
expressing virus and no uptake in 
duplicate plates of cells not exposed 
to virus (Fig. 2). 

Priortomfusionofthecell5,aportal Rg. 2 Expression of recombinant LDL receptor in primary hepatocytes. ran*** 
venogram was performed to confirm cultures of hepatocytes were Infected with recombinant r^lrus^arid 
^ ^Tmlnt «f tiwT ^thrXTr^ analysed for LDL receptor expression using an assay based on uptake of 
the placement of the ca hctcr and ftuc ^ m wjejiJSL Mock Infected celte visualized under the phase 
patency of the porlal circulation (Fig. Contrast (a) and fluorescent microscope 6b). and LDL receptor transduced c*«5 
3d). The genetically corrected visualized under the phase contrast (c) and fluoresMrrt microscope (tf a/e 
hepatocytes were harvested in three presented. -^Bonification, 100x 
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Fig. 3 Portal venograms before and 
after hepatocyte Infusion, a, Porta) 
venogram immediately prior to cell 
nelnfuskm (postoperative day 3). Note 
surgical absence ot the left lateral 
segment of trio liver, absence of portal 
vain thrombosis and good position of 
the catheter, 6, Portal venogram 
immediately prior to catheter removal 
(postoperative day 10). Note patent 
portal vein without evidence of 
intraluminal thrombus. 



vein thrombosis and/or portal hypertension as a result of 
introducing a large cell mass into thislow pressure venous 
circulation. Portal pressures measured via the catheter 
three days before cell infusion (9.8 ± 1.3, mean ± s,dU 
n=4) were indistinguishable from those measured five 
days after cell infusion (10.9+2-1 mean ± s,d. n= i 2) with 
transient increases (lasting <4 hj of 4 and 8 cm Hp 
occurring after the second and third cell infusions* 
respectively. Repeat portal venography performed at the 
time of catheter removal seven days after cell infusion 
revealed a fully patent portal circulation without evidence 
of mtraluminal clot (Fig. 36). 

Prolonged improvement In dyslipldemia 

Liver tissue was harvested by percutaneous biopsy four 
months after gene therapy. No histopathology was noted 
in plastic embedded sections prepared for lighrand electron 
microscopy (data not shown). Frozen sections were 
analysed for the presence of transgene expressing cells by 
in situ hybridization using an RNA probe specific for the 
recombinant derived LDL receptor transcript. Figure 5 
presents an example of an hepatocyte that hybridized to 
the amisense probe (c and this kind of focal 
hybridization was not present in serial sections incubated 
with the sense probe (a and b) or in sections pretreated 
with RNase prior to hybridization with the antisense 
probe (data not shown). Analysis of a limited number of 
sections revealed hybridization to the antisense probe in 
1;1 ( 000 to 1:10,000 cells. It is unlikely that the results 
obtained from a single small block ofliver tissue from FH 1 
accurately represents the abundance and distribution of 
transgene expressing cells throughout the liver. Similar 
experiments performed in three baboons who underwent 



Fig. 4 Clinical response during hepatocyte infusion. During 
the cell: infusions the patient was invasively monitored with 
a radiali arterial line and pulmonary arterial lira while In the 
Intensive care unit. Six clinical parameters (respiration rate, 
oral temperature, pulse, systemic blood pressure (mm Hg), 
pulmonary arterial pressure (mm Hg), end oxygen, 
saturation In mixed venous blood {SV02}) are presented, 
The actual times are Indicated along the bottom with the 
periods during which the cells were Infused indicated by 
the bars. Note that the time coordinates have been 
expanded during the periods of cell Infusion, 
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ex viva liver-directed gene therapy demonstrated marked 
regional variation of recombinant LDL receptor expressing 
ceils within large biopsies of liver, illustrating the 
limitations m quantitatively assessing engraftmcnt from 
the small quantity of tissue sampled from a percutaneous 
biopsy (unpublished data). 

The effect of gene therapy on the paiienr/slipid profiles, 
presented as ALDI,, AHDL and LDL/KDL ratio, is 
presented in Fig. 6; Table 1 summarizes the lipid data with 
lelev^tstaUsucalanarysefi-Thepatienthasbeen followed 



Fig. 5 in situ hybridization of liver 
ttesue after gene therapy. Liver tjssm 
(50 mg) was harvested hy 
percLrtaneous biopsy four months 
attar gene therapy. The majority of tft 
sample was fixed, em bedded, 
sectioned and analysed by light and 
election microscopy for evidence of 
pathology. A small block was 
analysed for cells expressing 
recombinant LDL receptor by in situ 
hybridization. Tissue sections were 
hybridized with the sanss probe (a 
and b) or antisense probe (e and d) 
and visualized by bright field (left 
panels) and dark field (right panels) 
microscopy. The clustering of signal 
seen in panels c and d indicates a eel 
that hybridized to the antisense 
prone. Magnification, SOx. 



for 18 months after gene therapy in the context of fou 
treatment periods: pre gene therapy — on (period A) 
off (period B) Iovastatin; and post gene therapy — o! 
(period C) and on (period D) Iovastatin. The origin! 
protocol was designed to establish baseline lipids who 
the patient was off all lipid lowering medications and fa 
reinitiate pharmacologic therapy four months after gen 
therapy. This initial analysis allowed comparisons betwee 
periods B, C and D. 
Blood samples were coded and submitted to a referent) 



Fig. 6 Lipid profiles. The study was 
.. performed using three treatment 
periods. Period B spans S days 
immediately prior to gene therapy 
■ during which 7 lipid profiles were 
'. obtained. Period C represents a 1 31 
day interval after gene therapy before 
• she waa started on Iovastatin during 
which 19 lipid profiles were obtained. 
: Interpretation of data obtained g days 
. following gene therapy was 
confounded because of additional 
effects on lipids of the stress of the 
•procedure and decreased nutritional 
•intake; these data were deleted from 
the analysis of Period C. Period D 
represents a 15 month interval 
following Period C during which the 
; patient was treated with Iovastatin. 
Data obtained during a 30 day period 
i after initiation of iovastatin was not 
Included in analysis of Period D to 
allow for the effect of the drug. Data 
are presented as ALDL and Aapo B 
(top panel); aHDL and Aapo A! (middle 
panel); and LDUHDL ratio (bottom 
panel). Three treatment periods are 
indicated: period B — pre-gene 
therapy, off medications; period C — 
posr-gene therapy, off medications; 
ffid period D — post-gene therapy, 
'■ on Iovastatin, 
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Table 1 Summary of lipid profiles for patient FH1 





Pre-gene therapy 


Post-flBne therapy 


Statistical comparisons 




+Lovastafl"n -Lovastatin 


-Lovastatin 


+Lova£tatir> 




(p vaJu$s) 






period A period B 


period C 


period D 


B-C 


C-0 


A-0 


Cincinnati ref. lab. 














LDL 


482±18(7) 


4O4±24D0) 


356 ±22 (27) 


0.0001 


0,0001 




HDL 


43±3.4(7) 


0VU±5.9(i9) 


64±6(27) 


0.0014 


0.10 




LDL/HDL 


11 ±1.0 (7) 


7.9*0.6(10) 


6.6 ±0.8(27) 


0.0001 


0.0001 




apoAl 


115±12(7) 


121 ±11 (18) 


130 £9 (24) 


0.22 


0.005 




apoB 


352±23(7) 


299 ±30 (18) 


260 ±23 (24) 


0.0004 


0.0002 




Quebec ref . lab. 














LDL 


4484 30(6) 




366 ±25 (7) 






0.0001 


HDL 


44.5 ±4.1 (6) 




47,6 ±4.1 (7) 






0.16 


LOL7HDL 


10.2 ±1,0 (6) 




7.6 ±0.6 (7) 






0.0001 



All samples represent mean ± 1. s.d. with rt=number of determinations. Statistical analyses performed as described In the 
text. 



laboratory in Cincinnati for analysis. Serum LDL dropped 
by 1 80 mg dJ _l immediately after cell infusion and regained 
a new baseline that was 17% lower than pre treatment 
levels (482119 before therapy versus 404 ± 24 after 
therapy, p=0.G001). Coincident with the diminution in 
LDL was an increase in HDL from 43 ± 3,4 to 51.4 ± 5.9 
(p-0.00 1 4) that translated to a decline in LDL/ HDL ratio 
from 1 1 ± 0.4 to 7.9 ± 0.9 (p=0.000 1 ) . The mechanism (s) 
responsible for increased HDL following gene therapy 
remain unexplained, however, similar effects have been 
described in FH homozygotes who underwent orthotopic 
liver transplantation". Initiation oflovastatin fburmonths 
after gene therapy was associated with further 
improvements in this patient's dyslipidernia including a 
reduction in LDL (404 ± 24 to 356 ± 22, p=0.00Ql), 
increased HDL (51.4± 5.9 to 54 ± 5,p^=0.10), and decline 
in LDL/HDL ratio (7.9 ± 0-9 to 6-6 ± 0.6, p=0.0001 ). The 
changes in LDL and HDL noted in each treatment period 
were associated with parallel and equally significant 
changes in apo B and apo Al, respectively (Table land fig. 
6). 

An attempt was made to evaluate further the effect of 
gene therapy using lipid profiles that were obtained in 
Quebec during period A, spanning a two year interval 
from Feb. 1990-Dec. 1991; during this time the patient 
was treated with lovastatin in a single drug regimen at 
approximately the same dose she has been taking during 
period D (that is, following gene therapy). Additional 
samples were obtained during period D and analysed by 
the same reference laboratory in Quebec that was used to 
measure the patient's lipids in 1990-9 1. Direct comparison 
of the patient's lipids on lovastatin before and after gene 
therapy revealed a diminution in LDL from 448 ± 30 to 
366 ± 25 (p=0.0001 ), a modest increase in HDL from 44.5 
± 4.1 to 47.6 ± 4.1 (p^0.16) f and a decline in LDL/HDL 
ratio from 10.2 ± 1.0 to 7.6 ± 0.6 (p=0.000l). 

Discussion 

FH represents a unique model for developing and 
evaluating the principle of liver-directed gene therapy in 
humans. This fatal disease is easily evaluated for 
reconstitution of hepatic gene expression by serial 
measurements of scrum lipids which are considered 
relevant endpoints for clinical efficacy. Critical to the 
early development of this clinical model was the availability 
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of an authentic animal model, the WHHL rabbit. 

Ex vivo approaches to liver-directed gene therapy 
emerged as the initial paradigm for treating hepatic 
metabolic diseases such as FH. In this strategy; -stable 
reconstitution of hepatic gene expression can be achieved 
by transplanting hepatocytes transduced ex vivo with 
retroviruses. The development of* Safe and effective ex vivo 
gene therapies to liver presents unique experimental 
challenges. Ex vivo correction of the defect is complicated 
because the target cell for gene transfer, the hepatocyte, 
must be isolated from surgically resected tissue and it 
cannot be maintained and expanded in culture. The 
ultimate success 0/ this approach depends on the efficient 
and stable engraftment of the transduced cells and their 
progeny. The likelihood that this will occur with 
transduced hepatocytes is difficult to predict because of 
the paucity of information available regarding stem cells 
and lineage in the liver, and ultimately must be answered 
experimentally. Clinical application of this form of gene 
therapy was further confounded because it does not 
resemble existing forms of therapy as is the case with bone 
marrow directed gene therapy, which conceptually is a 
modification of a commonly used therapy, autologous 
bone marrow transplantation. However, there should be 
no immunological barriers associated with ex vivo gene 
therapy other than the problem of an immune response to 
the therapeutic gene product, a potential concent that is 
generic to all forms of gene therapy for deficiency states. 
A variety of animal models, in addition to the WHHL 
rabbit, have been useful in developing the requisite 
technology andproviding sufficient preclinical studies to 
justify a human triai 4A1Q . 

The outcome of our first clinical experience supports 
the safety and feasibility of ex wwgene therapy directed to 
liver. Molecular and metabolic data suggest that the 
genetically modified hepatocytes have engrafted stably in 
thispatientand continue to express the recombinant gene 
(after at least i 8 months). Thelevel of metabolic correction 
achieved in this patient was similar to that detected in the 
WHHL rabbits who received autologous genetically 
corrected hepatocytes 4 . In this animal model, control 
experiments performed wiU^mockuansfected hepatocytes 
had no effect on cholesterol except for a transient elevation 
suggesting that the persistent diminution in lipoproteins 
observed in FH1 was not an artefact of the surgical 
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procedures but due to expression of the recombinant . 
gene. Subsequent to gene therapy, the patient's serum 
lipids consistently remained at levels significantly lower 
than those measured by at J east two reference laboratories 
over several years before gene therapy, [t is unclear, 
however, whether the partial correction of 
hypercholesterolemia achieved in this patient will ', 
translate to unproved clinical outcome. It is encouraging * 
that she tolerated gene therapy well without short or long " 
term sequelae and that her coronary artery disease, as 
documented by serial angiography, has not progressed 
during the 18 months since the treatment (data not 
shown). 

The response of this patient to lovastatiri fcllowinggene 
therapy is interesting given that she failed to respond to 
this drug on multiple occasions prior to gene therapy. 
Lova statin is thought to deplete intracellular cholesterol 
whichleads to up regulation of LDL receptor expression 1 , 
probably at the transcriptional level". The recombinant 

riptionai , 



or genetically modified cells must be overcome befor? tht ; 
potential of in vivo approaches can be realized. 



LDL receotor gsn? docs no? contain the t 
elements necessary to confer cholesterol mediated 
regdation sugge^n'ng thereto nse to lovastatin is unrelated 
to the recombinant gene or that i t$ effect is in part mediated 
by posttranscriptional regulation of LDL receptor. This is . 
consistent with previous studies that indicate the 
endogenous LDL receptor gene is regulated at both a 
transcriptional and posttranscriptional manner 12 . 

One potential concern about gene therapy for diseases 
caused by loss of gene function is that the protein product 
of the therapeutic gene will be recognized by the recipient 
as a neoantigen leading to an immune response against 
the genetically corrected cells. Several observations suggest 
this did not occur in FH1. Western bint analysis of the ■ 
patient f s sera foiled to detect antibodies to the recombinant 
human LDL receptor protein (data not shown). Also, 
there was no clinical or pathological evidence for 
autoimmune hepatitis following gene therapy- It will be 
interesting to see if similar results are obtained in FH 
patients undergoing gene therapy who have mutations 
that totally ablate LDL receptor protein expression as 
opposed to themutation in FH1 thatleadstothe expression 
of a dysfunctional protein 7 . 

Our study demonstrates the feasibility, safety and 
potential efficacy of ex vivo liver-directed gene therapy in 
humans and supports the initial Hypothesis that selective . 
reconstinition of LDL receptor expression in heparocytes 
of FH homorygotes should be sufficient for metabolic 
improvement. This represents the first example of stable 
correction of a therapeutic endpoint by gene therapy, in 
contrast to clinical trials that require repeated 
administration of short-lived target cells such as 
lymphocytes for treatment of adenosine deaminase 
deficiency. Translation of this technology to the treatment 
of other lethal liver metabolic diseases (such as, ornithine 
transcarbarnylasc deficiency) should proceed rapidly if 
the principle of ex vivo liver-directed gene therapy is 
con firmed in alargcr number ofhomozygoua FH patients. 
Ultimately, a more effective and clinically practical 
approach to liver directed gene therapy, based on in vivo 
gene delivery, must be developed. Gene transfer , 
technologies using recombinan t adenoviruses, liposomes 
and molecular conjugates have shown promising results 
in animal models u-ls . Problems with efficiency andstability 
of recombinant gene expression as well as destructive 
aiid/orblodongimmune responses to the delivery vehicles . 
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Methodology 

SurgjCalprocethiKa, During the procedure and for the first ihret 
poatnpetsrtivt days the patient was carefully monitored vviifc , 
pulmonary arterial catheter and radial arterial tine. Following 
induction of aneathacsia. the left lobe of the liver was exposed byilej[ 
subcostal incision which was extended up the midline to thexiphaid 
A telf-retaining retractor was used to retract the costal margin. The 
left triangular ligament was divided to the level of the left hepatic vcia 
from lateral to medial. A rubber-shod, non-crushing iurestimi 
bowel clamp was tested for fit just to the left of the falciform ligament 
The damp was applied and uring a scalpel, the liver surface ww 
rapidlytrarKectcd(<30s)aiidtrotfer^ application! 
laboratory for cell isolation. Bleeding from the cut hepatic: vein wsj 
easily controlled with direct pressure until surgical hemostasU 
applied, tbecutcncu of the portal vein and hepatic vein weresuturol 
with 5-0 running no n- absorbable monofilament The open tur&a 
of the liver was controlled with 3-0 «ilk interlocking vertical rasrtms 
sutures placed in the liver tissue protruding from the clamp, Omx 
haemostasia was achieved, the tUimp um ^jvkJ ^tA individa™ 
bile ducts or blood vessels were ligated with additional 5-0 sfli 
sutures. The inferior mesenteric vein was identified at tht 
paraduodenal fossa. The vein was sharply dissected for a distance of 
I em arid individual brandies were ligated with 5-0 silk ligatures Silk 
ties (2-0) were placed at either end of the dissected vessel, and rne 
ligature placed at the end of the vein nearest to the colon was tied, \ 
9.6 Fr. Hickman-type CAIhew was brought obliquely ih tough the 
abdominal wall about 3 cm below the lateral aspect of the incision 
and secured in place with a 3-0 nylon stitch, The catheter was 
trimmed to the correct length, a bevel was placed ai the eul end to 
facilitate insertion, and the catheter was primed with hepariniud 
saline ( 100 U ml" 1 ). A venotomy was made with n number 1 1 scalpd 
blade. The ideal location for catheter placement is the confluence of 
the inferior mesenteric vein and the splenic vein, a position that wa 
identified by palpation The catheter was secured by tying the 
ligature nearest the portal vein around the inferior mesenteric van 
making sure not to occlude the catheter 1 , A chromic $uiurc was 
tied around the inferior mesenteric vein and the outside of the 
catheter to funricrtwtect against prcmaruredUlodjiemertl (sec Eg. 
1 ) . A final inspection of the cut surface of the liver was made and the 
liw*r bed was drained with a dosed suction dramaae wiheter W 
remove iny residual bite or serum. The wound was closed in two 
fascial layers with a running absorbable monofilament suture. The 
Skin was closed with interrupted subcuticular 4*0 chwfti*: sutares 
and surgical tape*. - 

Preparation ofvirns audi sn1 HtioTt ofhcpotocyl cs* The r cwnibu^.t 
retrovirus used In this itudy has been described* A full length human 
LDL receptor cDNA is expressed from a chicken pVactin promoter^ 
combination with an enhancer from the immediate early getfe of 
cytomegalovirus. The celt line that produced this virus, called 132- 
10, was characterized in accordance with recommendations of the 
RAC and the FDA.$upefnatantacontainin j» theLDL receptor viruses 
were cryopreserved and aliquots were analysed for (he presence trf 
c<mtamiriants and replication competent virus. Certified lots of 
czyopreserved virus were used in the clinical trial. 

Hepatocytcs were isolated by collagenase perfusion, plated u» 
culture and infected with retroviruses as described previousf/ 1 ' 
Flares of cells were infected with virus from 132-10 (LDL r?cq>^ 
virus) and analysed for LDL receptor expression using thepr^vioW 
described assay; cells were incubated in RPMI 1640 medlara 
aintainiri^IirK^temdsfi^ 

LDL ( 10 fig ml -1 ) for 4 V*. following completion of this incubaooo. 
the medium w» removed* and the ceils were washed in PBS 
visualized under the fluorescent microscope. In preparation & 
transplantation, hepatneytes were removed from the plates oj 
incubation with trypsin and washed extensively in RPMJ 
Hepatocytes were harvested in three batches each ofwhich contain** 
cells recovered from one third of the total prep. Each batch wjj 
waihed and ^suspended in normal saline (50 ml) containing 10 v 
mr « of heparin in preparation for infusion. 

AnarfBcac^bicrJsir^hvCT insTrwanah* 3 * |j 
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was frortn in OCT, and cryosccriorts (6 HM) vr?r« mounted on 
gelatin poly(L-lysine) -coated aides and fixed with 4% 
paraformaldehyde in phosphate buffered saline 1 '. Sections wcC 
hybridized to a -^S labelled RNA probe eofflplenwfltiity to retroviral 
envelope sequences that are uniquely present in the 3' untranslated 
region of the recombinant derived LDL receptor RNA\ Sense probes 
and RNAse pretrcatmcnt with antigenic prob« wen: used ascoot^olj 
for hybridization specificity. 

Analysis of metabolic parameters. Blood samples were obtained, 
coded aud sent to reference laboratories in Cincinnati ind Quebec 
fordeteraunatioriOfUpidprafiles, LDL cholesterol, HDL cholesterol, 
ApoAl and ApoB were measured directly uring previously published 
techniques. Differences i n I.DL, HDL and LDL/HDL profiles obtained 
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during the four treatment periods were evaluated using random 
intervention testing and randomized testing methodologies. 



AcJowpledgefnerits 

We thank physicians and staff at the University of Michigan, the 
Biastatistiad and Computing art of Ac GCRC at University of 
Pennsylvania. K. Wu. M. Lueey and J. CantkeUi for their help and 
contribution to this work. This work unsupported by the University of 
Michigan Medical Center, the Department of Internal Medicine at the 
University of Michigan and NIR Grants RD1-DK42193 (JMW,), 
P01-DK427I8 QM. W.) t and 3M0lRRVOO42*&S2 (General Clinical 
Rgtearch Center at the University of Michigan). 



1. Brown. M.a a Gakfatoh. J.L A receptor-medifitwJ pathway re*" c 
homeostasis, fefance 232, 34-37 (198Q. 

2. Sum, T.E. et etf- Meart-Bvw transplantation in a patient wftft tarnwai 
Syperthoteetefoi^nbL ianccrl 1. ^382-1383. (1BB4i. 

3. BilMnwr.D.W.efa/.Uvwtranspbm^^ 

racoottn and IOW8T plasma crtotastorol in a child with homaz y goufl familial 
nyporrhalesUMlMTlta AtewCngt J. Med. 811. 1866-1 tt4(18B4>. 

4. clwwdT|ury,J.R,afaAL«)fltflrmhipr^^ 

gene therapy h LDLR Csft*>rrt robbJls. Sc/cnec 2ft*. 1802-1805 

(1891), 

5. Qr03snTO,M.,»Mtea\J.M.&Raper l S.E,Ar*^awT»Cfl (vlnrajudng 
oaneticaUyrnadlftod hepatocytos Irtlotfifl portal cTcUatior.J, Lao, e*». **«r. 
121,472-478(1393). 

a. Smasman. m, : Rajw ; s p * wtocrt j.M TrsnspfE-TtetJcn ct jjsnciswSy* 
modified autologous hnpatncyloB in newt-human on males. Hum. QBf» Ther, 
3. 501-510 [1880- 

?. LohtndQrl. E , Tottn. Davignan, A, & Hcbt*, H. Common tow-densfy 

Ipopratetn rector muteriorc; in tho Frtsrtdi CeniKiiart poptisflca Jlctti 

Ajwcst 68, 1014-1023 (1890). 
8, Wtoon. J.M. at it. Clinical protgwl: or Wvo gano therapy of femrBaJ 

hypgrchoigstHrolernia. Mw, can* TW- a. i 79-372 (1492). 
9- Am«rrtano.a,TharnpocnXA.FU DGrtlrtftorvG<&VVQQ,$x.kEjcpm=£jOTo1 

human factor ix in rabbit haO&toeytas by retrovlru»-rTws««d gvK transfor 



potential (of flarw trwrepy oi rwrtopttwi B, ptqq, rvai Ansd. £d. u.S-A. 87, 
6141-0145 CI 890). 

10. K^.MAerat &Dresalc¥iQtrjurnan<i,^mr^ 

trenspfanfaiUori «rf retfw»a trarac:uc«j teostwyti?*, roc. nam. Aad. So. 
i/S^. 90, 88-80 (13821 

1 1 . SMhcrf, T-C-. Russdl. aw.. Brown. M S & GOkfetflin. J.L 42 Op Qtoment 
tram LDL recoptnr gano corrfen ertd -product repression oy Sterob when 
Jfmrtodtntn viral TK promoter. Ceff 48, 1061-1069(1987), 

12. SriarKsy, M-P. at at PosHnvBaiptbriBl ragulaUon of retrovfrai v^etor 
tranaducod low d«rety Upoprotoin rBcepbr activity. J. Gifcdfles. 31, ?1E7- 
2176(1990], 

13. Jaffa. HA««fll AO^Q«»n»-rn«lBtgditn^gor»trarnrfBfB^ 
in normal rat iver. mtun Qonet i. ars^ra (1992). 

1 4. Kcrtila, V., !vs,*s!, K, 6 UvlS«5. * i.TCfss^aJ azpnaik* t of DMA wSrarOOuCSu 
with nucteas Drctam lo as&n r<rt ttw, Science 243. 27b-a?a nesa}. 

i B. Wu^ C.H, Wilson. J M. & Wu, S.Y, Targeting gona boBwery Ooraiat«\t 
' cxprmskyi Crf A foreign g*ie Cnvwi Dy mpmmallan regubttry denwits (n 
mo. J. tool. Cnem. 294, 16855-169S7 0599). 

16. Sraasman. NL. feper. 3. &Wlteon. J.M. Towards mfW-diractfld gonotfrnrw. 
rptrowtts medialfldeHrM Irtuwfer mto human nepfltocytos. Sam. Ce!l motet. 
6en.ir,tt1-60709ai). 

17, QvpitwFju ±F.e<aJ. SiianucxasaJ elands are the preOorrtnsto site of CFTR 
WDfWWlon In himon brtmchus. Natuni GftMt. 2, Z40-^4S (1932). 



L^iure Genetics voluxae € apeil 1994 




HUMAN (iENE THEftAPY 130201-1211 (Jnly 1,2002) 
© Mary Ann Uehert, Inc. 



Enhancement of Bone Healing Based on Ex Vivo Gene 
Therapy Using Human Muscle-Derived Cells Expressing 
Bone Morphogenetic Protein 2 

JOON YUNG USB, 1 - 2 - 3 ' HAIRONfc PENG. 1,2 * ARVYDAS USAS, 1 DOUGLAS MUSGRAVE, 1 
JAMES CUMMLNS, 1 DA LIP TELINKOVIC. 1 RON JANKOWSKl,' BRUCE ZIRAN. 2 
PAUL RQBBJNS, 3 and JOHNNY HUARD | :1 



ABSTRACT 

Molecular biological advances have allowed iiic use of gene therapy in a ciinicai setting. In addition, numer- 
ous reports have indicated the existence of inducible ostcoproRcnitor cells in skeletal muscle. Because of this, 
we hypothesized that skeletal muscle cells might be ideal vehicles for delivery of bone-inductive factors. Us- 
ing ex vivo gene transfer methods, we genetically engineered freshly isolated human skeletal muscle cells with 
adenovirus and retrovirus to express human bone morphogenetic protein 2 (BMF-2). These cells were then 
implanted into nonhealing bone defects (skull defects) in severe combined immune deficiency (SCID) mice. 
The closure of the defect was monitored grossly and histologically. Mice that received BMP-2-producing hu- 
man muscle-derived cells experienced a full closure of the defect by 4 to 8 weeks posttransplantation. Re- 
modeling of the newly formed bone was evident histologically during the 4- to 8-week period. When analyzed 
by fluorescence in situ hybridization, a small fraction of the transplanted human muscle-derived cells was 
found within the newly formed bone, whei-e osteocytes normally reside. These results indicate that genetically 
engineered human muscle-derived cells enhance bone healing primarily by delivering UMP-Z, while a small 
fraction of the cells seems to differentiate' into osteogenic cells. 



OVERVIEW SUMMARY 

Segmental bone defects and nonunions are relatively com- 
mon in the craniofacial skeleton. Osteogenic proteins, in- 
cluding bone morphogenetic proteins 2 and 4-(BMPi2 and 
BMP-4), can promote bone healing in segmental bone de- 
fects, but the short half-lives and rapid clearance of the os- 
teogenic proteins by the bloodstream limit! the success of 
this technology. Gene therapy and tissue-engineering ap- 
proaches that can achieve efficient and long-term expres- 
sion of these proteins may help to further improve cranio- 
facial bone healing. We observed that a, population of 
muscle-derived stem cells Isolated from mouse skeletal mus- 
cle can differentiate into the osteogenic lineage and improve 
bone healing. In this paper, we have attemptedfo determine 
whether human muscle-derived cells can be genetically en- 



gineered with adenovirus and retrovirus to express human 
BMPt2, and subsequently he used in an ex vivo gem: trans- 
fer protocol to Improve bone heating in mice. Our results 
suggest that human skeletal musvle-dcrivedlcellscunbv used 
for delivery of BMP-2 anil as u possible snnruc «f inducible 
osteoprogeuitor cells to participate in bone IWrmatinn, und 
consequently improved bom? healing. 

INTRODUCTION 

In IJJG5, Mahshall Uhist conducted a series of cxperinicws 
lhat suggested the existence of osteoinductive factors in de- 
mincralizcd bone. Subsequent rtseanch efforts have led io the 
isolation of whfii arc now known as bone morphogenetic pro- 
lans (BMPs) (Urist. 1965; Urist et aL fteddi. 2(H)]). 



'Growth HJid OcveJnpnient Laboratory, Department, of Orthopaedic: Surgery, Children's Hospital nf Piusburvb ami University of PiiLsburuh. 
Pittsburgh, PA 15260. . : 

'Department of Orthopaedic Surgery, University of -PitUfburijh Medical Center. Pittsburgh. PA 1 5200, 
*Dcpartmcnr nf Molecular Genetics and Bioeheniisilv, University of Pittsburgh, Pittsburgh. PA 15260. 
*Th«e auihore am iribuied equally ro This paper. : 



1201 



TT "d 



1202 



LEE ET AL. 



Characterizations and numerous uses of BMPs in animal stud- 
ies have generated the idea of healing bone by molecular bin- 
logical means. Currently, biological methods to treat seamen* 
tal bone delects, nonunions, and delayed unions with BMP-2 
arc being investigated. 

Investigations huve foeused on the use of gene Lhcrapy to 
deliver BMPs into the diseased bone. Vectors such as retrovirus 
and adenovirushave been tested in experimental sellings to de- 
liver exogenous genes such as bone-inductive factors (Verma 
and Somia, 1997: Robbins r.t at,, lyyS; RomanoVr aL 199X). 
These vectors have heen efficient in vitro tor delivering the 
gene o (interest but have been fraught with disadvantages when 
used lor direct in vivo gene delivery. For example, retroviral 
vectors require actively dividing cells lor integration of the for- 
eign gene and thus inefficiently u-ansduee postmitotic cells in 
vivo (Robbins r.t aL 190ft). First-generation adenovirus sc cms 
to induce an immune response in hosts that may decrease the 
efficiency of gene transfer (Yang r.t «/,, 1 994; Vilquin et aL 
1995). In addition, some of these vectors arc cytotoxic, and their 
systemic effects on the host arc unknown (Verma and Somia, 
1997). 

To circumvent these complications, the lx vivo method of 
gene transfer was .developed {Dai eiaL, 1992: Lieberman etaL 
1999: Engslrund et aL, 2000; Musgravc r.t at„ 20O0; Peng « 
o/., 2001). 'i"hrs method involves transducing the desired pop- 
ulation or cells in viiw, and ihen reimplanling the genetically 
engineered cells into Lhe hosi. The obvious advantage of this 
method is ihui the investigator can choose, screen, and manip- 
ulate the target cell easily and efficiently in vitro. The technique 
allows target cell screening before implantation ft w- efficiency 
of proicin production, oncogenic potential, and survivability 
posUransduction, Furthermore, the use of autologous cells de- 
creases the possibility of immune rejection, ensuring longer ex- 
pression of the pmtein of interest. The only disadvantage of the 
ex vivo melliod is that it requires an additional step of cultivat- 
ing and growing the desired cells. 

The most, beneficial uspcel of ex vivo gene therapy is that 
the invcstigiitorcan choose the ce)l population to. us< as the ve- 
hicle for delivery. Although the large! tissue may be bone, the 
vehicle fur protein (BMP) delivery docs not necessarily have 
to be osteoblastic cells. Any cell population that irari be har- 
vested in a noninvasive manner and can survive postimplanta- 
tion to efficiently pmducethe protein of interest can act as the 
veh icle tor protein delivery. 

For treatment of segmental bone defects by ex vivo gene ther- 
apy, an obvious cell choice would be bone marrow stromal cells 
(Caplan, 1991: Youngs at., 1995: Lieberman eta L 1999: Pit- 
tcngcr at ai n (999). Bone marrow stroma has been shown to 
harbor mesenchymal stem cells, which have the potential to dif- 
ferentiate into osteoblasts (Caplan, 1991; Young et aL 1995). 
Therefore, these cells provide the added advantage of implant' 
ing inducible ostcoprogenitor cells into the bone defect while 
intpidttcing exogenous bonc-inductivc pmtein. One study of 
syngeneic rats has shown that rat bone marrow: stromal cells 
can heal segmental bone defects efficiently when used as a vec- 
tor for BMP-2 deli very (Lieberman et aL 1 99y). Thus far. bone 
marrow stromal cells and human gingival and dejuial fibro- 
blasts have been tested tor ex vivo gene therapy to improve bone 
healing (Lieberman et aL 1 999: Krebsbach et tiL 2000). 
Several previous studies provided evidence orjihe existence 



of inducible ostcoprogenitors in skeletal muscle (Urist, J9fi5; 
Urist etai., 1984; Kuiagiri etaL !W4: Bosch ftai.. 2000; l*e 
fi al t> 2000, 2(X) 1 ; Musg rave et aL 2000. 2002). In vitro ( Kata- 
giri et aL 1994; Bosch et aL 2000; Musgravc ct aL 2000, 
2002) and in vivo (Urist, 19f>5; Urist et aL 1984; Bosch et aL 
2000) studies have shown thai a suhpopulalion of muscle-de- 
rived cells can differentiate into osteogenic cells with BMP-2 
stimulation, Ah hough the identity of these cells is being in- 
vestigated by the use of stem cell markers (Lcc et at.. 2000) 
and is not fully established, the existence of these inducible os- 
leoprogenitor cells in skeletal muscle makes them a potential 
v eh ic J c for de I i very o f bone-i n ducti ve factors. They pmvidcihc 
same added advantage of osteopnngeniiorsin hone marrow stro- 
mal cells, and can be obtained via a noninvasive small muscle 
biopsy. In addition, the injured muscle postbiopsy can rapidfy. 
regenerate due to the activation nf satellite cells, which support 
muscle regeneration and promote muscle repair pnstjnjury' 
(Bischoff. 19X6. T994). 

We used mouse muscle-derived cells in a critical-sized de- 
fect model to enhance bone healing (Lec at aL 2000, 2001 ). A- 
small population of cells in mouse skeletal muscle was shown 
to differentiate into ostci»cytcs*n vivo to participate in bone fur-, 
mation (Lcc ft aL 2001 J, 2()0I). However, no data on the use 
of human mustfe cells u> improve bone healing arc available. 
In this study, we examined whether human muscle-derived cells 
can enhance bone heaJing. Using a critical-sized detect model 
in mice, we show that human muscle-derived cells can effi- 
ciently deliver human BMP-2 and significantly enhance bone 
healing. In addition, by using fluorescence in siiu hybridization 
(FISH) with human prohes lo monitor the fate til' these human 
cells and distinguish donor cells from host cells, we observed 
that only a small percenEage nf these cells can be found within 
the hone, a location where osleocytes reside; this suggests that 
the injected cells can diflerentiaie into osteogenic cells. These 
results suggest that human muscle -derived cells can improve, 
bone healing primarily by delivering BMP-2, whereas a small' 
percentage of cells seems in be capable of differentiating into 
hone lineage. 



MATERIALS AND METHODS 

Isolation of human muscle-derived cafls 

Primary human tnuscBe cells were isolated nn biopsy of the- 
gastrocnemius oil a 19-year-old male palient fIRB protocol 
9902222). Appruxiinatery I to 3 » of muscle tissue were minced 
into a slurry. This slurry was then digested by serial 1 hr incu- 
bations at 37°C in 0.2% type XI collagcnasc (Sigma. St. Louis. 
MO), dispase (grade II, 240 units: Sigma), and 0.1% trypsin 
(G1BCCMJRL, Gaithersburg. Ml)}. The cell suspension was 
passed through 1 8-. 20-, and 22-i>auge needles, centrifuged at 
3000 rpm lor 5 min, resuspended in growth medium (Otil- 
bcccifs modified Eagle'* medium |DMt:M | supplemented with 
10% fetal bovine serum. 10% horse serum, 0.5% chic* embryo, 
extract, and 2% periieilllin-slrcpL]mycin; all from G1BCO- 
BRL), and plated in coltigen-ccwited Husks. This technique of. 
plating mustfe-dcrived cells in collagen -coated f la sks has been: 
termed ^hc prcplaling technique" and has been used to purify 
desmin-ex pressing myogenic cells (Richlcr and Yatfc 1970: 
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Bando and Blau, 1994; Qu el a/., I99K: Qu and Huard, 2000). 
We Lhen used this technique to purify the human muscle-dc- 
rived cells. During the initial 7 days, floating? cell* in the 
medium were ccntril'uged al 30(K) rpm Tor 5 min' and replatcd 
into the same culture flask with fresh medium. Most of the fi- 
broblasts thai rapidly adhered in the initial culture flask wens 
eliminated (Richler and Yaffc. 1970; Rando and Blau, 1994: 
Qu etai, 1998; Qu and Huard, 2(100). After 7 days, medium 
changes were conducted routinely and no attempts were made 
afterward to separate myogenic cells from residual fibroblasts. 

Human mu»icle cells were stained fur the myogenic marker 
desmin, using a basic immunohislochcmislry method as previ- 
ously described (Lee et aL 2000). ITiese cells were also ana- 
lysed by flow cytometry for the expression of myogenic marker 
CD56 (specific to human myoblasts) and stem cell marker 
CD34, using a standard protocol tl-cr ct ai. 20(H)). The CD56 
and CD34 antibodies were purchased from BD PharMingcn 
(Carlsbad, CA). 

Adenoviral and retroviral vectors expressing human 
BMC-2 and LctcZ 

The BMP2-125 plasmid, which contains human BMP»2 
cDNA, was generously provided by the Genetics Institute 
(Cambridge, MA), A replication-defectto. El -and E3 gene- 
deleted adenoviral vector was engineered to encojde BMP-2 un- 
der the control of the human cytomegalovirus (CM V) promoter. 
Tlie BMP2-125 plasmid was digested with Sail; resulting in a 
1 237-base pair fragment L-otitaining the BMP-2 cDNA. The re- 
combinant human BMP-2 (rhBMP-2) cDNA was Ihen inserted 
into the Sail site of the pAd.lox plasmid. which placed the gene 
under the control of a human CMV promoter. Recombinant ad- 
enovirus wiis obtained by cotransfection of pAd.lox with tf/-5 
viral DNA intoCR£-8 cells. The adcnovirus-BMP-2 construct 
(adBMP2) was stored m -K0 u C uniil further use. Retroviral 
vector expressing BMP-2 (rctroBMP2) was consirucied by 
cloning the cDNA into retroviral vector pCLX. which was de- 
rived from pLXSN (from A. Dusty Miller, Fred Hutchinson 
Cancer Research Center. Seattle, WAJ by removing the simian 
virus 40 (SV40) promoter ;md the neomycin resistance gene, 
and replacing the U3 region in ihe5' lung terminal repeat (LTR) 
with the human CMV promoter. Vector DNA was converted 
into replication-defective retrovirus by cotransfection, by cal- 
cium phosphate precipitation, into paekaghig:ccl] line GP-293 
(Clontech, Palo Alto, CA) with plasmid pVSVG. which ex- 
presses vascular stomatitis virus glycoprotein as the viral en* 
vclope. The conditioned medium containing the retroviral par* 
tides fmni the transacted cells was ceniriluged at 3000 rpm 



for 5 min to remove cellular debris, and stored al -X0 U C in 
small aliquot until use- The retroviral vector MFG-NB < Ferry 
et aL, 1991), used for the LacZ si ndies, was provided by the 
laboratory of P.D. Robbins (University of Pittsburgh. Pitts- 
burgh* PA). This retrovirus carries u modified /crrZgene. which 
includes a tiucJcarliKrulization sequence (nls-tetvO cloned from 
the SV40 large tumor antigen, and is transcribed from the 1 .TR. 

Transduction of human muscle fells with 
adBMP2 and reimftMPl 

After bcin» counted with a hcmocytomctcr, cells were 
washedby serial rinses in Hanks' halanccd salt solution <HBS5!; 
GlBCO-BRL). Adenovirus panicles at a multiplicity of infec- 
tion (MOl) of 50 were premised into HBSS and then layered 
onto the culture, After 4 hr of incubation at 37'C, an equal vol- 
ume of growth medium was added, and cells were allowed to 
recover overnight. For transduction with retroviral vector ex- 
pressing BMP-2 or LacZ, human cells were incubated with, 
retroviral vector at MOJs of 5-10 for 8—1 K hr in the presence 
of Polybrcnc (8 ftg/ml), This pmccdure was repeated three 

,z .u... .L_ t-.H\/v\ ...»' -.Ii _ 

li inert m i,,:|».mjIC Li mi mi, iiiajifiitjf iit'H.'f \>i v*t>? i.i*iiij>- 

duced. BMP-2 secreted from transduced cells was measured by 
enzyme-linked immunosorbent assay (ELISA) (Lee ei al.. 
2001 ) and BMP bioassay (Peng W aL 2001 ). 

SkuU defect assay 

AM the animal experiments were conducted according u> the 
policies and guidelines sel by the U.S. Department of Health 
and Human Services and approved by the Animal Research and 
Care Commiitee (ARCC) of Children's Hospital til' Piitslmrgh 
(protocol 1 A>H). The animals used in this experiment were pur- 
chased from Jackson Laboratories (Bar Harbor. ME) and kept 
in the Ritnjjus Research Center Animal F:iciliiy of Children's 
Hospital of Pittsburgh. One day before surgery, transduced hu- 
man muscle cells were trypsinized. counted, and seeded by in- 
cubating the cell drop onto collagen matrix (6-mm disks. Hell- 
sut: Colta-Tcc. Plainsboro. NJ) at a concentration of 5 X I0 5 
cells per disk for reiroBMP2 and 1 * ID 6 cells per disk for 
adBMP2. Severely combined immunodellcienttSCID) mice (X 
weeks old; Jackson Laboratories) were anesthetized with 
metlHtxyfiurane and placed pnme »n the t>pcrutin» lable. With 
a number 10 hlade. the scalp was dissected id the skull, and the 
periosteum was stripped, A 5-rnm, full-thickness circular skull 
defect was created with a denial hurr, with minimal penetration 
of the dura (Lee el al. 2000 r 200 1 ). 

Mice were divided into four groups (Table I). Group I did 



Table 1. Description ok Mrn;sE Group's 



Number at; 



Croup 



Treatment 



2 yfaehi 4 weeks 6 weeks 8 weeks 



1 


None 


5 


4 






11 


Collagen sponge (matrix) only 


5 


5 






Til 


A. Matrix + nontransdueed human cells 

B. Matrix 4 rctroLacZ- transduced human cells 


4 


5 


5 


5 


IV 


A. Matrix + adBMP2-transduced human cells 

B. Matrix + reLnjBMP2-lransduced human cells 


4 


4 


5 


5 
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not receive any implants for the skull defect; group II received 
; a collagen sponge only; group III received a collagen sponge 
seeded with human muscle cells with or witboul transduction 
\ with reiroLacZ; group TV received a collagen sponge seeded 
with muscle-derived tells transduced wiih ;udBMP2 or 
retroBMP2, The scalp was closed wiih a 4-0 nylon suture, and 
the animals were allowed food and activity a d libitum. At des- 

• ignated lime points, mice were killed and skull specimens were 
dissected tree from soft tissue for digital imaging. The percent 

• closure of the dcfecL was calculated by ihc N1H Image program, 
The area of ihc origin? I defaci was calculated with a 5-mm cir- 
cular standard nn the digital image, and the area of the closed 
detect was traced and calculated wiih the N1H haage program. 
The area of the closed defect divided by the Mandard area 
yielded the fraction of skull defect closure. Bone healing after 
the transplantation of retrovirally transduced human cells was 
also monitored by radiograph. 

Skull specimens were ihen Hash frozen in 2-mcihylbutane 
prccooled in liquid nitrogen. Frozen samples were cm into 5- 
to 10-jum sections, using a cryostat (HM 505 E; Microm. Wal- 
dorf, Germany), and stored at -20°C pending further study. 

For vuu Kossa staining, slides were fixed in 10% lie lit raj 
buffered formalin and soaked in 0. 1 M AgNOj si>lution for 15 
min. After exposure to light for at least 15 min. slidw were 
washed with phosphale-buffeml saline (PBS), and stained with 
hematoxylin Hnd eosin for viewing by light microscopy. 

Fluorescence, in situ hybridization 

Crytisections were fixed for 10 min in mcihanol-»liicial 
acetic acid (3:1. v/v), air dried- and then denatured in 709b for- 
mamide* 2X SSC (0.3 M NaCU 0.03 M si>dium citrate). pH lAh 
at 70*C for 2 min. Slides were immediately dehydrated with a 
scries of cth«nt>1 washes (70, HO, ami 95%) for 2 min at each 
concentration, Human probes (human-specific a*satclu'tc 10; 
Vysis, Downers Grove* IL) labeled with fluorescein isoihio- 
cyanate (F1TC) were used to detect human nuclei. The human 
probes were denatured and applied according jo the manufac- 
turer's protocols and allowed lo hyhritlize overnight al 37"C. 
After hybridization, sections were rinsed with 2X SSC solu- 
tion, pH 7.0, at 72°C for 5 min. Sections were ihen ri dried in 
BMS solution (0.1 M NallCOj, 0.5 M NaCl. 0.5% Nonidol 
P-40 (NP-401, pH X.O). Nuclei were countcrstamcd with 4',6- 
diarnidino-2-phenyIrtdole(DAPI. King/ml) and diluted in Vcc- 
lashield mounting medium (Vector Laboratories. Buclingamc, 
CA). 

Statistical methods 

Data arc presented as means ± the standvdfdeviaLiun ul' the 
mean. Statistical differences between groups were calculate*] by 
a Student t test. 



RESULTS 

Human musclc-dcrivcd cells were analyzed for ihe expres- 
sion of myogenic markers. These ceils were only 10% desmin 
positive (Fig. 1 A), and 22% of the cells expressed CD56 ( Fig. 
I R), a specific surface antigen ex pressed on human muscle cells 
(Webster et aL 19HK). This suggests that only iO-20% of the 



human cells were myogenic, and the remainder of the cells were 
likely fibroblastic in nature. In addition, the vast majority nf 
hitman muscle-derived cells did not express CD34. a widely, 
utilized stem cell marker that was found to be expressed by 
mouse muscle stem cells (l-ee ct «/.. 2000). Human mnscle-de- 
nvcdccllswcTccHpableofosltt>gcnicdiFfcreniiatiojiup(jii stim- 
ulation with reirt>BMP2. as evidenced by expression in the 
transduced cells of alkaline phosphatase, an early marker* >i*os-' 
tciigenests (Fig. ID). In control, human cells transduced with 
itimLucZ were alkaline phosphatase negative (Fig, lC). About 
70-80% of the cells were transduced a far three rounds of iraJis^ 
dilution with retroviral vectors as indicated by the expression 
of BMP-2 or LacZ (data not shown). Human musclc-dcrivcd 
cells transduced with adBMP2 or rcin>BMP2 produced, on av- 
erage, 1.0 ng of BMP*2 per million cells, whereas the non- 
imnsdiiced control did not produce any detectable protein, 
There was no apparent morphological diffei'ence between cells 
transduced by adBMP2 or retroBMP2. 

To assess their bone-healing ability, the BMP-2 -producing 
human muscle cells were implanted into criiicul-sized skull de- 
fects in SOD mice. The use of SCID mice w»s necessary ui 
eliminate immune rejection of xenogeneic human muscle-de- 
rived cells, A 5-mm skull defect was previously shown to be a 
nonhealing, critical-sized defeel in mice (Krehsbach ei ai, 
3 UU H). A soft, bovine collagen type 1 sponge (Helistat) (Boync 
ctaL 1 997; Hollingcr *t al„ |s»9«) was used as a matrix to al- 
low focal implantation of the cells. It has been shown previ- 
ously that this collagen sponge is degraded by die host wtfliin 
4 weeks in a skull defect model (l-ee t?f al., 2000. 200 1 ). 

Four groups of mice were tested ( Table l). Groups 1 through 
III were contml groups, and group IV included ihe treated ani- 
mals. Group I consisted of animals without uny implnms; group' 
11 mice received a collagen sponge (inly: group 111 animals ic- 
ceived a collagen .sponge and nontrtinsduecd human muscle cells 
or collagen sponge containing human cells retrovirally transduced 
•o express »nd group IV mice received a collagen sponge 
and BMP-2-produeing human muscle cells letrovirally transduced 
H> alter transduction with adenovirus \t% retrovirus (Table 1). The 
healing process was monitored at 2, 4. 6. and H weeks for closure 
«r the skull delect grossly and histologically, and by radiograph. 

The representative gross specimens from the control gnmps 
and the treatment group arc shown in Fig. 2 for comparison. 
The control groups (a specimen from group HI is shown iti Fi». 
2: a7s/c Idcfcct + collagen sponge + cellsl) did not show any" 
evidenccof defect closure al cithcr2 weeks (Fig. 2 A) or4 weseks 
<F"tg. 2C). However, the treatment group (group TV, defeel +' 
collagen sponge 1* adBMP2-trarisduccd cells) showed robust 
closure of the defect at 2 weeks (Fig. 2B) and nearly complete 
closure of the defect at 4 weeks (Fig. 2D). The arrows in Fig. 
2 show the edge of the skull defect. 

The digital quantitation of the skull defcel closure is stim- 
marized in Fig. 2E. The three control gmups (d only. d/s. and 
d/s/c) showed minimal evidence of defect closure at 2 iirxl 4 
weeks. At most, only 25 to 35 f ft closure was seen in the con-: 
flrol groups. On the other hand, the group treated wiih RMP-2- 
pmducing human muscle -derived cells showed >7()% closure 
cif the delect at 2 weeks and >90% closure at 4 weeks. 

Mineralized segments of newly formed bone were identified • 
by von Kossa staining. Figure 3A and B shows rcprescnurtive 
specimens from the control gn>up treated with a sponge matrix * 
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FiG. 1. Human muscle cell characterization and osteogenic differentiation induced by human BMP-2. (A) Expression of myo- 
genic marker desmin by human muscle cells, (p) How cytometry analysis of CD56 and CD34 expression by human cells. (C- 
and D) Expression of osteogenic marker alkaline phosphatase in human muscle cells transduced wiih retmLacZ (C) or rctroBMP2 
(0). Many alkaline phosphatasc-cx pressing cells can be found among ihe BMP-2-en pressing cells (D), in contrast io die cells 
reiroviralty transduced to express LacZ (retro Lac 7.)- Total magnification: (A, C, and V) X200 objective. 



«nd nontransduced human muscle cells (gmup 111, d/s/c; con- 
trol in Fig. 3} and from the group treated with a. sponge matrix 
and human muscle cells transduced with adBMP2 {group IV, 
d/s/c/adBMP2; BMP2 in Fig. 3). The control group shows no 
evidence of newly formed hone at 2 weeks (Fig. 38) or at 4 
weeks (not shown). The treatment group, however, shows 
newly mineralized bone bridging the defect nt 2 weeks (Fig. 
3A) and ihickcr trahecutae covering the delect h'i 4 weeks (run 
shown). 

Human muscle cells transduced with rctroBMP2 were also 
capable- of eliciting healing of critical-sized cajvarial delects. 
The defect* implanted with BMP*2-cxprcssing cells were com- 
plexly healed when judged by gross inspection and palpation 
fi and H weeks after surgery. These results were confirmed by 
X-ray (Fig. 3E) and histologic analysis (Fig. 3C). In contrast, 
there was no bone healing in the control group implanted with 
cells transduced with retroviral vector expressing LacZ (Fig, 
313 and F) tested at the same Lime points. 

The remodeling process was also evident when the speci- 
mens were analyzed histologically (Fig. 4). At 2 weeks, all spec- 
imens in the treatment group (d/s/c/adBMP2) : showed bony 
bridging of the skull defect with thin trabeculae(Fig.4A). How- 
ever, at 4 weeks, the new bone was remodeled to a ihiekermin- 



erali*ed bnne (Fig. 413). Most of the newly funned hone was 
woven (Fig.4A and B). A mature periosteum covered the newly 
formed bone at both 2 and 4 weeks (Fig. 4A and U, marked f). 
Similar results were observed in the hone-healing sites im- 
planted with retrnBMf^ at 0 and H weeks poMiransplariiation 
(Fig. 4C and D). 

Because human muscle cells were used in a mouse model, 
we were able to monitor the fate of the transplanted, cells and 
u» differentiate transplanted cells from hosi cells usin» a hu- 
man-specific fluorescence in shit hybridizaiion (FISH) tech- 
nique. By using human-specific rr-siiielliie 10 probe, we could 
distinguish transplanted cells from host cells. Locations of hu- 
man chnimosomc-no.siiiw: cells were analyzed in the treatment 
gmup at 0 weeks (Fig, 5). A majority of the visualized cells 
(>99% by manual counting) was found localised m the pe- 
riphery of the newly formed bone (Fig. :SR. ymiws). A small 
percentage of the visualized cells (<]%) was idcniillcd within' 
the lacunar, of the new hone, where oncocytes arc normally 
round (Fig. 5C, E, and h"). A faint outline of the newly farmed, 
bone whs visible because o1" auto fluoresce nee of the mineral- 
ized bone (Fig. 5B-3E, arrowheads). Similar results were round 
in the sample rmpUmted wilh human cells transduced by 
adBMP2 (data not shown), 
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d/s/c 



2 wks 




d/s/c/adBMP 
B 




4 wks 




d/s/c d/s/c/adBMP 



FIG. 2. Ckisurc of skull detects by human muscle-derived cells transduced with adBMP2. (A ami R) Al 2 weeks^ the control 
groups, represented here by a specimen from group III (A, d/s/c), showed minimal closure of the defect (am«ws outline the edge 
ol the detect). The treatment group (B. d/s/c/adBMP2). however, .showed a significant tided closure (arrow* outline ihc edge of 
the delect). (C and D) Ai 4 weeks, the control specimens (C> d/s/c) failed to show any healing progression {arrows outline me 
edge ot the defect), whereas the treatment group (D. d/s/c/adBMP2) showed nearly complete closure of the defect. {E> Digital 
qutintiutionsof skuJI def'cer closure. Mice treated with human muscle cells expressing DMP-2 showed >70% healing hy 2 weeks 
and 90 to 100% healing by 4 weeks. All three tfiruml groups failed to show any significant healing at either 2 or 4 weeks, d. 
Defect only (group |) ; j/ s , d c fc ct p | us w |i a g C h sponge (group II): d/s/c, defect plus collagen sponge plus mmtranwluccd cells 
(group III): d/s/c/adBMP, defect plus collagen sponge plus BMl*-2-pnniucin«! cells (gnrnp IV). *Si-nifieant dilTeremce from ihc' 
contml group (p < 0.05). * ■ * 



DISCUSSION 

We have demonstrated that human muscle-derived cells can 
be genetically engineered by both adenoviral vector and retro- 
viral vector to pmducc human BMP-2 and signifieanilyenhanLe 



healing of a critical-sized bone defect. These cell* can be ir^ 
ducedby BMP-2. under/?/ viim conditions, to differentiate into 
cells expressing an early marker otf osteoblasts, alkaline phos- 
phatase. FISH analysis suggests dial a sniiill pca-emta!?*"!* the 
implanted human musclc-dcrived cells is incorporated into the 
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BMP2 



Control 




FIC. 3. Characteri'/uiiuiHir btine healing by von Kossa staining and radiography of the control and BMP-2-cxprcssing human 
ccJ J created mice. (A) Mice that received BMP-2:produeing human muscle cells after transduction with mlennvirvsalrvaUy show 
n>busi mineralized bone formation hy 2 weeks (s, n on degraded col lugeil sponge}. (B) Tiie cun In il group shows minimal new 
bone formation m 2 weeks. Hailing of skull (IcfevlK by human muscle ceils transduced with rc|roHMP2 whs also investigated. 
(C) vim Knssa staining shows complete bone bridging of the detect at K weeks after the suryery, with mineralized bone cover- 
ing most of the detect. (D) No bone healing was observed in the control group implanted with human muscle cells transduced' 
with retroLacZ (s, nondegraded collagen sponge). (E and f) X^ray shows bone healing of the eritieal-si^ed calvarial delect im- 
planted with transduced human muscle cells expressing BMP-2 (E. arrows show the edge of the detect), whereas no bone heal- 
ing occurred in the defects implanted with the sume cells transduced with Control vector, relnil-iieZ (F, arrows show the ed»c of 
the detect) at X weeks after surgery. Total magnification: (A *nd B) X 100 objective; (C and T» X4(l objective. C 



newly formed hone, possibly differentiating ift vivo into os- 
teogenic cells. 

Until now. the osleoprogeni Lor cells in skeletal muscle have 
been underutilized. Katagiri 0994) inuiany,suggesledUie 
osteogenic potential of skeletul muscle cells when'; they reported 
thai clonal skelelul muscle cells from mice can express osteo- 
calcin, alkaline phosphatase, and parathynml-depcnjeni ,V„V- 
cAMP in response to BMP-2. Many studies have focused un 
potential uses of stem cell-like muscle cells for the treatment 
of muscle- related diseases, such as Duchenne muscular dystro- 
phy (Baroffio ei a/.. 1996: Fan et aL 1996: Qu et at., 199X: 
Beauchamp et aL 1999; Gusxoni et aL 1999: Qu and Huard, 
20(H)), but only a few have explored their pt Hernial value in 
treating skeletal defects. We reported Lhat mouse muscle cells 
could enhance bone healing and differentiate Into osteogenic 



cells itl vivo (l^e et aL, 2(K1(). 200 1). Also, wc reported the po- 
tential existence of inducible 4isicopn*i;cnitor cells in human 
muscle cells and their ability u* form bmiewhen genetically en- 
gineered to produce BMP-2 and eclopicully implanted in SOD 
mice (Musgntve et aL 2002). 

The osteogenic potential of human muscle cells has not been 
tested in h bone delect model until now, Our data suggest that 
there i.s a small population of inducible oslcopn>gcnitorcclls in 
human skeletal muscle and that they can participate in bone for- 
mation hi vivo with stimulation by BMP-2. These cl:U:i suggest 
numerous clinical applications^ If these cells could be isolated, 
or enriched in viiiv. they may be useful lor common orthope- 
dic procedures thai require tuigmcniatiim of bone healing, such* 
as osteotomies, fusions, and procedures for segmental bone de- 
feels and failed unions. Our results show that the number of os* 
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FIG, 4. Remodeling of newly regenerated bone- (A and B) H&B stain shows the newly Conned woven bone induced by mus- 
cle cells transduced with adBMP2. At 2 weeks, trabeculae were coarse and thin (A). The newly formed borne was remodeled 
with thicker traheculac by 4 weeks (B). Both 2- and 4-weck specimens contained mature jxsriosteal covers (P). (C and P) A sim r 
il«r (rend iN seen in new bone induced by human muscle cells transduced by rciroBMP2 at 6 weeks (C) and K weeks (D) posttrrv . 
plantation. Total magnification: (A and B) X200 objective: (C and D) X400 objective. 



wiiprogcniuirsin human muscle cells is relatively small (< 1 %), 
This underscores die need to develop methods to rapidly isolate 
oi' enrich these muscle-dcriYcdinducibteosteopn^eniioi'ce!Isfor 
future clinical use. However, our results cannot liile out the pos- 
sibility that muscle-derived fibroblasts may be .capable of im- 
provingbone healing by delivering BMP-2 and differentiate into 
the osteogenic lineage in ;i manner similar to dial observed wiih 
gingival and dermal fibroblasts (Krebsbach et aL, 20CX)). 

Our dma also suggest Lhat exogenous production of BMP-2 
is required for human muscle cells m augment bone healing- 
't his is not surprising, as previous in vitro data indicate thai 
muscle-derived inducible osteoprogcniuirsdo not express os- 
teogen it- markers until exposed to BMP-2 (Katagiri 1994: 
Bosch n ai. 2WM; Lcc p/ aL 2000, 2(KH; Musgravc & aL 
2(XJ0. 2U02).This would suggest either thai lhe.se cells arc mm- 
commiucd and quiescent until stimulated or that they »re al- 
icady commit ted to the muscle lineage bul are icdircctct) lo ilie 
osteogenic lineage by stimulHtion with BMP-2.; Clinically, (his 
would mean that these cells should be used in combination wiih 
osteoinductive laeUirs to augment bone healing. They wuuhl 
have to be genetically manipulated by w vivo methods to 
achieve full osteogenic potential. However, this is not a disad- 
vantage, as these cells can aJs<> deliver a sufficient amount oF 
BMP-2 to stimulate host ostcopmgenitorsto form bone. 

Skeleud muscle represents an easily accessible and abundant 



source of cells, given that 30-40% uf our toftal body weight is 
skeletal muscle. A simple surgical muscle twipxy can provide 
a sufficient number of cells Tor use m ex v/vw gene therapy. Be- 
cause we have not compared musclc-dcrivcdl cells with various 
other cell types such as bone marrow stromal cells or fibro- 
blasts, it is still unclear which cell type is the suosi suitable can- 
didate lor bone healing. The relative advantage of these vari- 
ous cell types has not yet been established. If then; is no major 
di (Terence among ihese cells in terms mC harvesting. efficiency 
ol"iransduction,iind ellleacy to deliver therapjcuiicgene to elicit 
hone healing, the selection o*f a particular cell source depends 
largely un their availability. In addition, collagen matrix is a 
commercially available material that has already been tested in 
humans for maxillary sinus floor reconstruction (Boync t>r aL 
1997). Because ii allows muscle cells to adhere to its matrix, a 
collagen sponge proved efficient for our purposes. It is highly 
malleable, allowing flexible lining inu> me toonc defect. How- 
ever, it cannot be used in a weight- bearing b>onc; a more solid 
construct is required lor such t\ purpose. Im this regard, hy- 
droxyapattteAricalciimi phosphate-based materia Is can be usctl. 
In animals, a 6MP-2-impres»natcd ^jlbgen sponge was used 
for repair of radius defects in rabbits (Hollimgcr n aL 

In our experiments, the newly formed home underwent ex- 
tensive remodeling during lb* testing period. The thin trabecu- 
lac initially seen were rapidly replaced with (thicker bone by-4 
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FIG. 5. FISH analysis til transplanted cells in newly formed bones. (A) H&B stain of new bnnc. .showing ihe area of interest 
mi ihe site implanted with human muscle Cells transduced wiih reuMBMl*2. (B) Most, of the implanted human ceJls were .smtiered 
at the periphery of the new bone (outlined by amiwheads). which was visualized by red Hum Hut ire sconce. These celhs were iden- 
tified by bright punctate green tluorcsccnce (amjws): nuclei arc identified by purple DAP1 staining. (C) A minority (iF ihc im- 
planted human cells was identified within the lacunae or the new bone (arrows), (D) Another area oFinierest in the newly limned 
bnnc visualized by phase microscopy. (E and F) Human cells embedded in the newly Itrrmed bone were derived fcrom the im- 
planted human cell (urrow). The high magnification in (F) shows the presence of ihe positive signal of" ihe. human ;pn)hL- in the 
nucleus of the cells embedded in the newly regenerated bone. Total magnification: (A) X200 objective: (B and C) Xfi()0 objec- 
tive; (D) X400 objective; (E) X 1 ,(HX) objective. 



<o X weeks poMlransplarrtatioi. The new hone, however, was 
not lesied biomcchanically, because the skull is not a weight- 
bearing bone. Weight-bcariPB models in rats im<J rabbits arc 
currently under investigation m test the osteogenic capacity of 



muscle cells lo produce biumcchanieallysiumd bome. Although, 
both adBMP2- and relroBMP2-trc<nsduce*i cells were capable 
or clicking complete bone healing of the delects, wc observed 
thai the healing process mediated via the irtroviraJlyijanxduced 
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human muscle cells expressing BMP-2 was delayed when com- 
pared with the BMP-2-exprcssin« human muscle cells trans- 
dticcd by adenovirus. The difference^ the number of implanted 
cell* (I X JO 6 cell* in adBMP2 vs. 5 X 10 s in retroBMP2) is a 
poiential explanation for these results because 'the levels of 
BMP-2 expressed fnim these two groups of cells were found 
to he similar. 

In summary, human skeletal muscle cells arc an important 
source of inducible osteo progenitors, and their orthopedic util- 
ity in both gene therapy and tissue-engineering applications 
should not be ignored. Future development to enrich, isolate, 
and expand these human muscle cells in vitro wil! faciliiateand 
further expedite their use in clinical applications. 
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